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 Dilute nitride (In)GaAsN alloys have attracted considerable attention in the past 
few years.  The bandgap energy of GaAsN is substantially reduced as the N composition 
increases, i.e., for ~1% N added to GaAs, the band g p energy is reduced by ~150 meV.1-
4  The significant bandgap bowing enables the growth of dilute nitride semiconductor 
alloys with a variety of bandgap energies in the near-infrared regime, while maintaining 
near-lattice-matching with common substrates such as G As and InP.  Therefore, 
(In)GaAsN alloys films and heterostructures are promising for a wide range of 
optoelectronic applications.  In addition, due to the very low solubility of N in GaAs, 
GaAsN alloys provide a unique opportunity for investigating non-equilibrium growth 
processes.5-7 
 It is believed that the N-induced localized states p rturb the conduction band (CB) 
edge of GaAs, causing potential fluctuations and carrier trapping and/or scattering.  
Therefore, (In)GaAsN alloys provide an opportunity for investigation of the interactions 
between localized states and free carriers in semiconductors.8-11  Furthermore, the degree 
of N-induced perturbation can be easily tuned by parameters such as N composition, 
doping concentration, and annealing temperature.  Thus, this material system is ideal for 
 2 
the study of the physics of weak and strong localization.12, 13 
 Due to the large size and electronegativity differences between As and N, the 
formation of several point defect complexes has been pr dicted.14-16 These point defect 
complexes are likely the origin of the limited optical emission efficiency and minority 
carrier transport properties observed in (In)GaAsN alloys.  Indeed, the defect physics in 
GaAsN is expected to be substantially different from conventional semiconductor alloys.  
A significant concentration of N atoms are expected to incorporate in non-substitutional 
sites, such as N insterstitials.17-19  Therefore, it is important to understand the physical 
nature of these N-related defects. 
 In this chapter, we first review the current status of (In)GaAsN optoelectronic 
device development.  Next, we review the theoretical studies of the band structure of 
(In)GaAsN.  Then, we will discuss two types of N-relat d defects in GaAsN: intrinsic N 
split interstitial defects and extrinsic N-Si defect complexes, and their influence on the 
structural and transport properties of GaAsN.  Finally, we will summarize the present 
experimental and theoretical understanding of the electronic and optical properties of 
GaAsN alloys. 
 
1.2 Bandgap bowing and device applications of GaAsN Alloys 
 The simplest prediction of the physical properties of emiconductor ternary alloys 
is a linear extrapolation between the properties of the endpoint elements or binary 
compounds, namely Vegard’s law, or the law of mixtures.20  Figure 1.1 shows a plot of 
bandgap energy vs. lattice parameter for various III-V semiconductor alloys.1, 2, 21-25  The 
points correspond to the energy bandgap, Eg, and bond length for each elemental or 
 3 
binary semiconductor, and the lines connecting those points correspond to the alloys.  
Typically, Eg of the alloys of the elemental or binary compound semiconductors are not 
linear interpolations of the endpoints (as would be predicted by Vegard’s law) but instead 
are slightly bowed to a lower band gap.  Such behavior is typically described by a 
quadratic deviation from Vegard’s Law, with a bowing parameter, b.  In conventional III-
V alloys, b is typically composition-independent, with values of fractions of an eV.21 On 
the other hand, for GaAsN, b = 18-20 eV, and as shown in Fig. 1.1, Eg of GaAsN 
decreases rapidly with increasing N composition.1, 26-33  In addition, b is N composition 
dependent, decreasing with increasing N composition.   
The energy bandgap bowing in semiconductors has been attributed to alloy 
disorder, with b values related to the electronegativity mismatch of the constituents.34, 35  
Shown in Table 1.1 is a summary of the properties of Group V elements, including 
electronic structure, atomic mass, covalent radius, and Pauling’s electronegativity.36 The 
electronegativity difference between N and As/P is 1.0/0.9 eV, much larger than those 
between other group V elements.21, 37 37  Thus, significant bandgap bowing is observed in 
highly mismatched alloys such as III-V-N, as shown in Table 1.2. 
Table 1.1: Properties of elements of interest from groups V, including electronic 
structure, atomic mass, covalent radius and Pauling’s electronegativity36 
 
 
Element Electronic Structure Atomic Mass Covalent Radius (nm) Electronegativity 
N (He) 2s22p3 14.007 0.07 3.04 
P (Ne) 3s23p3 30.97 0.106 2.19 
As (Ar) 3d104s24p3 74.92 0.118 2.18 
Sb (Kr) 4d105s25p3 121.75 0.136 2.05 
Bi (Xe) 4f145d106s26p3 208.98 0.145 2.02 
 4 
Table 1.2:  Electronegativity difference between group V elements, EB-Ec(eV), and the 
bandgap bowing parameter, b, for selected III-V alloys. b values are adopted 







EB-Ec (eV) b(eV) 
GaAsSb 0.2 1.43 GaAsN 1 120.4–100x 
InAsSb 0.2 0.67 GaPN 0.9 3.9 
AlAsSb 0.2 0.8 InPN 0.9 15 
GaPAs 0.1 0.19 InAsN 1 4.22 
InPAs 0.1 0.1    
AlPAs 0.1 0.22    
GaPSb 0.3 2.7    
InPSb 0.3 1.9    
 
 The simultaneous incorporation of In and N with a specific composition ratio 
(In:N=3:1) enables the formation of unstrained InGaAsN on GaAs or InP substrates with 
bandgap energy lower than 1.42 eV.1, 2, 3For example, according to calculations, 
InGaAsN lattice matched to GaAs with Eg = 0.93 eV ( λ =1.33 µm) and 0.8 eV (λ =1.55 
µm) can be achieved with In0.10GaAsN0.038 and In0.18GaAsN0.06.
38  Furthermore, with 20% 
N incorporation into GaAs or 2% N in GaP, GaN0.2As0.8 or GaN0.02P0.98 are lattice 
matched to Si, which potentially enables the high quality III-V epitaxial films on Si 
substrates.  The ability to substantially change the band gap energy while maintaining 
lattice matching to common substrates makes (In)GaAsN a promising material for a wide 
range of near infrared optoelectronics applications, i cluding long-wavelength light-
emitters and detectors, high-performance electronic devices, and high-efficiency solar 
cells.39-50 
For example,  InGaAsN has recently demonstrated promise for laser diodes 
operating at the optical fiber communication wavelength window (1.3-1.55 µm).51-57  For 
light-emitting applications, InGaAsN has several advantages in comparison with the 
 5 
conventional InGaAs(P) system.58 First, the InGaAsN/(Al)GaAs quantum well is 
reported to have type I band alignment, with a much larger CB offset, cE∆ , than that of 
GaInPAs/InP quantum wells.59 For example, for lattice-matched InGaAsP/InP, it has 
been reported that cE∆  ~ 0.39 gE∆ , corresponding to 50~200 meV.
60  On the other hand, 
for InGaAsN/GaAs, it has been reported that cE∆  ~ 0.8 gE∆ .
61, 62  In addition, InGaAsN 
can be combined with AlGaAs, where  cE∆  between GaAs and AlGaAs is reported to be 
greater than 0.6 gE∆ ,
63  potentially leading to InGaAsN/AlGaAs cE∆  > 0.5 eV.  The deep 
well for InGaAsN/AlGaAs is predicted to lead to several advantages for lasers, including 
reduced temperature sensitivity of both the threshold current and the lasing wavelength.  
In heterojunction bipolar transistors (HBT), the incorporation of InGaAsN alloys into the 
base layers enables lowering of the turn on voltages and collector currents due to the 
increased band offset.48, 49 Since InGaAsN active layers can be grown lattice-matched to 
a highly reflective GaAs/AlAs layer, these alloys are also useful for vertical cavity 
surface-emitting lasers (VCSELs).  Indeed, the GaAs/AlGaAs distributed Bragg reflector 
(DBR) mirrors are more easily incorporated into InGaAsN-based VCSELs than in InP-
based VCSELs.42, 44  To date, InGaAsN (~4% N, ~10% In) has been used in 1.3 µm 
VCSELs commercially available from Infineon,44 and related alloys have been used to 
produce lasers operating at 1500 nm.64  
Due to the possibility of tailoring the bandgap in the range of 1.0 to 1.4 eV by 
varying the N and In concentration, while lattice-matching to Ge or GaAs is maintained, 
InGaAsN is also useful for solar cells. Indeed, onestrategy for increasing the efficiency 
of terrestrial photovoltaics involves the use of multi-j nction solar cells, with each 
junction material preferentially absorbing different regions of the solar spectrum.  The 
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thermodynamic efficiency limit of an optimized four-j nction device with the top GaInP 
and bottom Ge cell was calculated to be 41% under air-m ss 0.65  To achieve this 
efficiency, GaAs, with a bandgap of 1.4 eV, would be applied for cell 2, whereas cell 3 
should have a bandgap of 1.0 eV, which can be achieved using InGaAsN films with 8% 
In and 2.8% N.66 Kurtz et al. suggested that the addition of InGaAsN cells to a 
commercial tandem InGaP-GaAs structure would improve the internal quantum 
efficiency to a record value of ~ 70%.47  To date, efficiencies of 11.27% and 21% have 
been achieved for single and multi-junction InGaAsN olar cell. 67-69 Furthermore, for 
GaAsN/GaAs MQW solar cells, current output comparable to that of conventional 
GaInNAs solar cells, with output voltages significantly higher than bulk-like counterparts, 
has been reported.70  
 
1.3 Electronic structure of GaAsN alloys 
 A basic understanding of the unusual electronic structure of GaAsN alloys has 
been provided by Hjalmarson, whose tight-binding calcul tions predict that the energy 
levels of elements with high electronegativity are located at energies lower than those of 
more-metallic impurities.71  Thus, replacement of As with P is predicted to prduce an 
energy level high in the CB of GaAs, leading to a rel tively weak interaction between the 
impurity and the extended band.  However, substitution of As with highly electronegative 
N results in a level located close to the CB minimum. This impurity state interacts 
strongly with extended CB states and drastically modifies the electronic structure of the 
GaAsN alloys, presumably leading to the unusual bandg p bowing in GaAsN alloys. 
Among the many attempts to understand the (In)GaAsN band structure,9, 11, 72-79 
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a semi-empirical band anti-crossing (BAC) model proposed by Shan et al.80, 81 has been  
most successful in explaining the bandgap bowing effect in (In)GaAsN.  Within this 
model, a higher lying localized N band, EN, interacts with the extended host 
semiconductor band, Ec, resulting in a split of the CB into two sub-bands, E+ and E-, as 
schematically shown in Fig. 1.2.82  The lower sub-band, E-, is shifted downwards, and has 
mainly delocalized CB-like character; it is considered to be responsible for the reduction 
of the fundamental bandgap. On the other hand, the upp r sub-band, E+, mainly has the 
character of N localized states.  
The BAC model has been able to explain the three fundamental transitions 
observed with electroreflectance and photoreflectance measurements in bulk GaAsN 
films,80, 81, 83  and permits remarkable fitting to measured bulk-like quantities such as 
composition, pressure, and temperature-dependent bandgaps.80, 81, 84  In addition, the 
BAC model predicts a non-parabolic CB dispersion, which has been measured by 
magnetotunneling 85 and photoreflectance spectroscopy86, 87 of GaAsN quantum wells.  
The BAC model also  predicts a N-composition-dependent flattening of the E- band, 
which in turn would lead to a N-composition-dependent increase in the electron effective 
mass, me*.
79, 84, 88   
However, the BAC model simplifies the picture by only considering a single local 
state, independent of the N composition. Although the BAC model qualitatively predicts 
the bandgap dependence on N composition, it does not enable quantitative explanations 
of several extraordinary optical and electronic behavior, such as the composition-
dependent non-monotonic increase in me*
89, 90, 97-99 and the electron gyromagnetic factor, 
ge
*,91 which have been observed with magnetophotoluminescence90, 91 and optically 
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detected cyclotron resonance technique89of InGaAsN alloys.   
In addition to the bandgap lowering due to substitutional N incorporation, a 
number of N-induced defect levels near the CB edge have been predicted, including N 
nearest neighbor pairs, triplets and clusters, as well as N interstitials and defect 
complexes. 9, 91-98    The distribution of these N levels is expected o significantly 
influence the electronic properties of GaAsN.  For example, the linear combination of 
isolated N resonant states (LCINS) model,99  a modified BAC model, which explicitly 
includes N-induced defect levels, predicts the exist nce of the E- level and identifies an 
E+ level that broadens with increasing N composition. In addition, the LCINS model 
predicts the non-monotonic increase in me*  observed experimentally.
98, 100, 101   Figure 1.3 
presents a plot of me*  vs. N composition in GaAs1-xNx determined by experimental 
techniques (open symbols),98, 100, 101  in comparison with those calculated using a two-
level BAC model (dashed line),24 and the LCINS model, i.e., including hybridization 
between the CB edge and the N cluster state (solid ymbols).11   
 
1.4 N-related point defects in GaAsN alloys 
In this dissertation, we consider two types of N-related point defect complexes, 
with or without additional external elements, such as electronic impurities. Several N-
related extrinsic (i.e., with additional external elements) point defect complexes have 
been reported in GaAsN, including N-Hx and Si-N. The presence of N-Hx complexes 
apparently increases the lattice parameter102 and the bandgap energy103, 104 of GaAsN, and 
correspondingly, reduces the effective mass105 and gyromagnetic factor.91  Moreover, 
these effects may be reversible by thermal annealing up to 550ºC, which apparently leads 
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to the dissociation of N-Hx.  However, for N-Hx complexes, the number and locations of 
H atoms surrounding N is still under debate.104, 106, 107  In addition, it was recently 
reported that group IV donors form donor-N defect complexes with N, as shown in Fig. 
1.4 (a). For example, Si-N complexes have been report d to inhibit the electronic activity 
of Si donors, leading to reduced free carrier concentration and increased resistivity.15, 108, 
109  However, there have been conflicting reports on the form of the Si–N complex,14, 16 
and the influence of Si–N complexes on GaAsN electronic properties remains unknown. 
Several N-related intrinsic (i.e., without additional external elements) point defect 
complexes have also been reported, including NN pairs, tr plets and clusters, as well as N 
interstitials. Generally, the term “N clusters” refer to 2-4 N atoms which share a common 
Ga nearest neighbor. Fahy et al. predicted that such N clusters produce various defect 
levels in the vicinity of the CB edge of GaAsN.110  When the defect levels are resonant 
with the CB edge, they are expected to lead to potential fluctuations and electron 
scattering.110  
Of particular interest in this thesis work is non-sub titutional intrinsic N point 
defect, i.e., N interstitials. Fig. 1.4 (b) shows several possible configurations of N 
incorporation in GaAs.17, 111  For substitutional N, NAs, a N atom takes the place of an As 
atom; for the N-N split interstitial complex, (NN)As, an N2 molecule takes the place of an 
As atom;  for the N-As split interstitial complex, (NAs)As, a N and an As atom are both 
located on the As lattice site.  According to the first principle total energy calculations of 
Zhang et al.112, (NN)As is expected to be the dominant intrinsic defect because of the 
exceptionally strong N-N bond and the small size of the N atom.  The calculated N-N 
bond length is 1.39 Å, which is only slightly longer than the bond length for the N2 
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molecule (1.10 Å).  In addition, the calculated formation energy, ∆Hf, for (NN)As is 1.52 
eV, considerably smaller than those of other atomic defects such as As antisites (2.24eV) 
and AsGa-NAs (1.96 eV).
17  In addition, the formation of (NAs)As and (NN)As might help 
release surface tension during growth.  Since N atoms are smaller than As atoms, GaAsN 
growth is under tensile strain.113  (NN)As and (NAs)As dilate the lattice and compensate 
the tensile strain of the GaAsN alloy; therefore, these point defects are energetically 
favorable.  
Various methods have been used to indirectly or directly detect the N interstitial 
incorporation in GaAsN. By comparing the local vibrational modes observed in GaAsN 
with those for SiAs and SiGa in GaAs, Ramsteiner assigned the origin of features in 
GaAsN Raman spectra to (NN)As and (NN)Ga.
114  Krispin et al. detected two predominant 
electron traps at about 1.1 and 0.8 eV above the valence band (VB) edge, and associated 
them with (NAs)As and (NN)As, respectively.
115  Using in-situ substrate curvature 
monitoring and ex-situ x-ray diffraction measurements, Adamcyk et al. attributed the 
residual strain in GaAsN to N interstitial incorporation.116   
Nuclear reaction analysis (NRA) is so far the only direct method to quantitatively 
determine the interstitial N fraction, fint, in GaAsN films. 
18, 19, 117-119 In previous work 
from our group,18 significant composition-dependent interstitial N incorporation was 
found in GaAsN films with total N compositions rangi  from 0.7-3.8%. However, 
Bisognin et al.120 instead asserted that the apparent interstitial N measured by NRA was 
instead due to N surface contamination. 
In addition, it has been suggested that fint is influenced by the surface 
reconstruction during growth and post-growth RTA. In previous work from our group,18 
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the (2x1) reconstruction was identified as the surface structure which leads to the highest 
substitutional N incorporation, likely due to the hig  number of group V sites per unit 
area available for N–As exchange.18 In addition, using NRA, two groups reported with 
two data points that annealing reduces fint.
19, 118 However, using PL, two other groups 
reported that annealing causes N atoms to hop from substitutional to interstitial sites, i.e., 
a substitutional “kick-out” effect,121, 122 thereby increasing fint. 
To date, the influence of N interstitials on the elctronic properties of GaAsN has 
been investigated computationally. It has been predict  that the N interstitials produce 
single electron occupancy deep levels below the GaAsN CB edge, acting as 
recombination centers for minority carriers.123 Thus, N interstitials are expected to be 
detrimental to both electron and hole mobilities.124 At present, the effect of surface 
reconstruction and annealing on the N interstitial ncorporation and its influence on the 
electronic properties of (In)GaAsN remain unknown. 
 
1.5 Optical and electronic properties of GaAsN alloys 
To date, literature reports have presented substantially lower electron mobilities, 
µ, for (In)GaAsN alloys in comparison with those of (In)GaAs. 101, 110, 125, 126 Fig. 1.5 
shows a plot of µ as a function of N composition, x, for GaAs1-xNx films, including data 
from our group and from those of literature reports.101, 125, 127-129 As x is increased from 0 
to ~0.01, µ is reduced by more than one order of magnitude. As x is further increased to 
0.02, µ continues to slowly decrease. 
To date, only a few theoretical studies have focused on understanding this drastic 
degradation of µ with increasing x in GaAs1-xNx.
110, 126, 130 Hashimoto et al. attributed the 
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decreasing µ to an unspecified N-induced scattering.128  Skierbiszewski et al. argued that 
the reduction in µ results from the enhanced me
* with x due to the nonparabolic energy 
dispersion of GaAsN CB predicted by the BAC model.129 However, calculations which 
include contributions from the band nonparabolicity predicted by BAC model as well as 
polar optical, acoustic phonon, piezoelectric, ionized impurity, and neutral impurity 
scattering, predicted a GaAsN low field µ of ~ 1000 cm2V−1s−1 (as indicated by the 
dashed line in Fig. 1.5) 126, which is still an order of magnitude higher than measured 
values (as indicated by the scattered data points in Fig. 1.5).  The discrepancy between 
experimental and calculated µ values suggests that the electron scattering in GaAsN 
cannot be accounted for solely by the CB nonparabolicity-induced increase in me
*, as 
predicted by the BAC model.   
More recently, Fahy et al. modified the BAC model to include the influence of 
nitrogen clusters.110  With an independent scattering approximation (i.e., the total 
scattering rate is the sum of the scattering rates of the individual N atoms), Fahy 
estimated a µ of ~400 cm2/Vs for GaAs1-xNx with x=0.01-0.02 (as indicated by the solid 
line in Fig. 1.5), which is much lower than Vaughan’s result, but still about a factor of 
two higher than measured values.  The discrepancy between the x-dependence of µ and 
the theoretical predictions suggests that scattering sources in addition to substitutional N 
and N clusters, such as (NN)As or (NAs)As split interstitials, need to be taken into account 
theoretically. 
 For the optical properties of GaAs1-xNx, as x is increased, a red-shift (shift to 
longer wavelength) in photoluminescence (PL) emission is usually accompanied by a 
drastic degradation in the emission intensity.1, 27, 28  For example, when x in GaAs1-xNx is 
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increased from 0.01 to 0.045, the near-band-edge (NBE) PL efficency decreases by a 
factor of 60.58  This degradation in PL efficiency is commonly attributed to “poor 
structural quality” and the influence of “nonradiative recombination centers” in GaAsN 
alloys.42, 131, 85  However, at present, limited information is available regarding the atomic 
and electronic structure of these nonradiative defects.  
 Several other features are also commonly observed in NBE PL spectra of GaAsN, 
such as absorption/emission Stokes shifts, excitation-power-dependent emission blueshift, 
and asymmetric emission peak lineshape with long tails on the low energy side.58  These 
features are typically associated with carrier localization.132  For localization in GaAsN, 
Buynova et al. estimated a localization potential (schematically shown in Fig. 4.3), ┏E ~ 
40-60 meV, which is higher than the 7-10 meV value for other alloys systems, such as 
GaAsP, AlGaAs and SiGe.58  Furthermore, in near-field PL measurements below 70K, 
Mintairov et al. observed narrow lines with FWHM 0.2–2 meV.133, 134 The lines were 
attributed to “quantum-dot-like” excitonic recombination, which suggests the presence of 
nitrogen clustering above that of a random distribuion.  
A key quantity for solar cell and HBT applications i  the minority carrier 
diffusion length, Lm, which depends on the electron mobility and the carrier lifetime, as 
follows:  
2/1)/( eTkL Bm µτ=               (1.1) 
for the non-degenerate case.  In solar cells, Lm is ideally substantially longer than the 
optical absorption length for solar photons, allowing all incident photons to be absorbed 
and all optically-generated carriers to contribute to the electrical current of the device.  
For example, in GaAs, the optical absorption length is ~ 3 µm, while Lm is ~ 10 µm. 
47, 65, 
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135 On the other hand, for InGaAsN with 1 eV bandgap, a lifetime of 0.3 ns and µ of 200 
cm2/Vs is typically considered good material,127 which would result in Lm=0.4 µm.  
Indeed, it has been reported that the performance of f ur junction 
GaInP/GaAs/GaInNAs/Ge solar cells has been limited due to the short Lm of InGaAsN.
47, 
65, 136   
Although there seems to be a discrepancy between the desired and obtained Lm in 
GaAsN, the increase in absorption coefficient, α , due to increased me* in GaAsN has not 
been taken into account. The possibility of improving electron mobility with optimal 
growth conditions and post-growth thermal treatment also needs to be considered. α  
depends on the carrier effective mass as follows: 
2/3*












=  is the reduced effective mass, and me* and mh* are the electron and 
hole effective masses, respectively. Since me
* of GaAsN is substantially larger than that 
of GaAs, 89, 90, 97-99 α  is expected to be larger in GaAsN; thus, a somewhat s orter Lm 
might be acceptable for GaAsN. For example in GaAs0.097N0.013, me
* is expected to 
double, and α is expected to more than double in comparison with those of GaAs; thus, 
Lm ~ 1.5µm might be sufficient. In addition, various methods have been proposed to 
improve the electron mobility in GaAsN. For example, in this dissertation work, we 
observed post-growth rapid thermal annealing induce a 2-fold increase electron mobility 




1.6  Dissertation objectives 
As discussed in Section 1.2, (In)GaAsN alloys with a few percent of N have 
shown significant promise for a wide range of applications.  However, the incorporation 
of N degrades the optical and electronic properties, r sulting in low electron mobilities, µ, 
and optical emission efficiencies, both of which have not been sufficiently accounted for 
by any theory.  In general, the concentration, formation, and evolution of point defects 
have a significant impact on the optical and electronic properties of semiconductor 
materials.  To date, few experimental studies have be n devoted to identifying the 
physical model of N-related point defects; some results are contradictory to each other.  
This dissertation research was therefore devoted to investigations of N-related point 
defect complexes in GaAsN, including intrinsic N-relat d defects such as N interstitials, 
and extrinsic N-related defect complexes such as Si-N pairs. In particular, we examined 
the formation of these N-related point defects and their influence on the electronic and 
optical properties of (In)GaAsN alloys and heterostructures. In addition, we explored 
methods for controlling the concentration of these point defects, such as post-growth 
annealing treatment and the use of alternative dopants.  Our goal was to understand the 
influence of the N-related defects on the free carrier trapping and scattering, and 
ultimately, to improve the minority carrier diffusion length of (In)GaAsN alloys for long-
wavelength optoelectronic device applications. 
 
1.7  Outline of the dissertation 
The thesis is organized as follows: Chapter 2 describes the experimental 
procedures used for this work, including molecular beam epitaxy growth (MBE), 
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reflection high-energy electron diffraction (RHEED), rapid thermal annealing (RTA), x-
ray rocking curves (XRC), atomic force microscopy (AFM), Rutherford backscattering 
spectroscopy (RBS), nuclear reaction analysis (NRA), photolithography device 
fabrication, variable temperature transport measurements, and Photoluminescence (PL), 
and Raman measurements. 
Chapter 3 and chapter 4 describe our investigations of extrinsic and intrinsic N-
related point defects, i.e., defects with or without the introduction of additional external 
elements. In chapter 3, we discuss our investigations of the influence of Si-N complexes 
on the electronic properties of GaAsN alloys, by comparing GaAsN films grown with 
various dopant-N spatial separations, dopant species, and surface reconstructions.  First, 
we compare bulk-like GaAs1-xNx:Si films, where Si and N reside in the same layer, with 
modulation-doped heterostructures, where N and Si atoms are spatially separated.  A 
decrease in with increasing x was observed in bulk-like films but not in heterostructures, 
suggesting that Si-N complexes in the bulk GaAsN layers are acting as trapping centers. 
For GaAsN:Te (GaAsN:Si), n increases substantially (minimally) with annealing-T; for 
GaAsN:Si, n increases minimally with annealing-T, suggesting a competition between 
annealing-induced Si-N complex formation and a reduc  concentration of N-related 
traps.  Since Si-N complex formation is enhanced for GaAsN:Si growth with the (2 x 4) 
reconstruction, which has limited group V sites for As-N exchange, the (Si-N)As 
interstitial pair is identified as the dominant Si-N complex.  Finally, modulation-doped 
GaAs(N)/AlGaAs heterostructures were utilized to study N-related carrier scattering 
mechanisms without the influence of Si-N defect complexes, and the dominant carrier 
scattering sources are identified to be neutral scatterers, such as N interstitials. 
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In Chapter 4, we present our investigations of the influence of intrinsic N-related 
point defects on the electronic properties of GaAsN alloy films. We observed four effects 
in as-grown GaAsN that are either removed or reduce following rapid thermal annealing 
(RTA). All four effects are likely explained by the RTA-induced reduction of the 
interstitial N fraction in GaAsN. First, for the as-grown GaAsN films, Hall and resistivity 
measurements reveal the onset of a metal-insulator transition (MIT), at a much higher n 
than that in GaAs. The MIT in GaAsN is accompanied by a shrinkage of the electron 
Bohr radius with increasing N composition, suggesting an increase in electron effective 
mass for GaAsN in comparison with that of GaAs. Furthermore, the temperature-
dependence of n for T > 150K suggests the presence of a N-induced electron trapping 
level below the GaAsN CB edge, which is accompanied by a persistent 
photoconductivity (PPC) effect. Following RTA, signficant increases in n and µ, and a 
transition occurs in the low T transport mechanism from hopping to extended band 
conduction are observed. Furthermore, following RTA, the temperature dependence of n 
is suppressed and the PPC effect vanishes, suggestin  a reduction in the concentration of 
the N-induced electron trapping defects.  Interestingly, NRA reveals an RTA-induced 
decrease in interstitial N fraction, fint, and the corresponding signatures for the reduction 
in fint are also identified in Raman Spectra. Therefore, it is likely that N interstitials are 
responsible for the MIT, the shrinkage in electron Bohr radius, the N-induced trapping 
level, and PPC effect discussed above.  Thus, N interstitial defects are identified as the 
dominant form of intrinsic N defects in GaAsN alloys. 



































Figure 1.1 Bandgap energy vs. bond length for various III-V compound and 
elemental semiconductors. 1, 2, 21-25  The points correspond to the energy 
bandgap and bond length for each elemental or binary semiconductor, and 
the lines connecting those points correspond to the alloys.  The shaded 








































































Figure 1.2 Schematics of dispersion relationships for subbands (solid lines) of 
GaN0.01As0.99 using the band anticrossing model.  The dotted lines represent 
the unperturbed energies of the N-induced localized states and the GaAs CB; 























































Figure 1.3 A summary of electron effective mass as a function of N composition 
determined by various experimental methods and by calculation.  The me
* 
predicted by BAC model is significantly lower than the experimental 
observation.  The nonmonotonic trend of me
* is well captured by the 
calculation including the resonant N levels.  aby Tassilo Dannecker (the 
author’s colleague at University of Michigan), bRef.100 cRef.98 dRef.101, 
eRef.92 , fRef.11 






































































Figure 1.4 Several possible configurations for N incorporation n GaAs, including (a) 
extrinsic defect Si-N pair and (b) N substitutional, NAs, and intrinsic defects 





























Figure 1.5 Electron mobility, µ, vs. N composition for bulk GaAs1-xNx films of various 
targeted free carrier concentrations, in units of cm-3.  The solid (open) circles 
represent our results for films grown with pure N2 ( 2/Ar mixture) as the N 
source gas. Other solid points are measured µ collected from literature.  The 
calculated µ by Fahy and Vaughan are also included for comparison.  The 
measured µ decreases substantially with increasing N composition, and is 
lower than the prediction of all the theories.  asee Ref.138. bsee Ref.101 csee 
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2.1  Overview 
 This chapter describes the experimental procedures for the synthesis and 
characterization of (In)GaAsN films in this dissertation work.  
All films were grown by molecular-beam epitaxy (MBE) on semi-insulating 
GaAs (001) substrate. During growth, the surface morph logy was examined using 
reflection high-energy electron diffraction (RHEED).  Post growth rapid thermal 
annealing (RTA) was applied for select samples. Following growth, X-ray rocking curve 
(XRC) measurements were performed to examine the crystalline quality and to estimate 
the N composition in the film. The surface morphology was inspected using atomic force 
microscopy (AFM).  Rutherford backscattering (RBS) and nuclear reaction analysis 
(NRA) were performed in [001] channeling and non-channeling conditions to determine 
the total N concentration and N interstitial fraction.  Photoluminescence (PL) spectra 
were collected to study the optical emission efficien y.  Raman spectroscopy was 
performed to identify various N point defects relatd local vibration models in GaAsN. 
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The heart of the work in this dissertation is variable temperature transport 
measurements, which were performed on both GaAsN bulk films and AlGaAs/GaAsN 
heterostructures.  Some of the samples were prepared into Van der Pauw geometry, while 
others were defined into Hall bar devices using photolithography.  The variable 
temperature transport measurements include Hall effect, magnetoresistance, and 
persistent photoconductivity measurements.  These measurements reveal valuable 
information on the carrier scattering processes, carrier localization, and N-related 
electronic states.  All procedures were carried out by the author except where noted. 
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2.2 Molecular-Beam Epitaxy (MBE) 
  All the samples described in this dissertation were grown in a Modified Varian 
Gen II MBE system in Dr. Goldman’s research laboratory in the Material Science and 
Engineering Department, University of Michigan.  Molecular beam epitaxy (MBE) is a 
refined vacuum deposition technique used to prepare high quality epitaxial films one 
atomic layer at a time.1, 2  In an ultra-high vacuum environment, molecular beams are 
produced by evaporation or sublimation from heated liquids and solids, which interact 
chemically on the surface by condensation of the elem ntal components, to form an 
epitaxial film.3  Because the incoming molecules are reactive, growth can occur at 
conditions which are far from equilibrium.  MBE is commonly used for the growth of 
(In)GaAsN films, 4-8 due to the ability to grow high purity crystals with lower defect 
concentrations, which is essential for improving the material electron mobility and optical 
emission efficiency as discussed in Section 1.5. 
As shown schematically in Fig. 2.1, the Modified Varian Gen II chamber consists 
of a separately pumped growth chamber, buffer chamber, and load-lock, which are 
connected by magnetic transfer rods and trolleys.  The growth chamber source flange 
houses 7 solid sources (In, Ga, Al, Si, Be, GaTe and As cracker), as well as a rf plasma 
source for the production of active N from an ultrahigh purity N2 gas.  The solid sources 
are contained in pyrolytic boron nitride (PBN) crucibles housed in Knudsen effusion cells.  
The flux of the molecular beam is exponentially dependent on the temperature of the 
effusion cell, which is typically controlled with heating filaments wrapped around the 
crucibles, and monitored by a thermocouple in contact with the crucible.  For Ga, In, and 
As bulk-zone, the heating filaments are designed to provide extra heating in the area of 
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the crucible orifice and create a “hot lip”, to reduce the level of condensation in the 
crucible. The beam flux is measured using an ionization gauge which sits at the growth 
position. Computer controlled pneumatic shutters are used to control the exposure of each 
molecular beam. For the As source, the As flux is controlled with a needle valve in front 
of the As cell which can be adjusted between 0 an 300 mil.  Samples are held in the 
growth position by the manipulator referred to as the CAR (for Continuous Azimuthal 
Rotation).  The CAR is typically rotated to improve the uniformity of growth.  The 
growth chamber also contains facilities for in-situ reflection high-energy electron 
diffraction (RHEED) and a residual gas analyzer (RGA) for in-situ mass spectrometry.  
The chamber pressure is monitored by an ionization gauge on the side wall of the 
chamber.  The base pressure of the chamber during idli s ~ 2x10-9 Torr.  When LN2 is 
flowing through the cryopanel, the base pressure is lowered to less than 3x10-10 Torr.  
The chamber pressure ranges from 1x10-8 during the growth without N2, to 3x10
-5 Torr 
during the growth with N2. 
 All films were grown on “epi-ready” GaAs substrates, which arrive from the 
manufacturer in a dry N2 sealed container, ready for immediate introduction into the load-
lock.  All substrates were indium-mounted on heated molybdenum blocks (T>156°C), 
pre-baked at 150 °C for 8 hours in the load-lock, and outgassed at 180°C for at least 30 
minutes in the buffer chamber.  In the growth chamber, the substrate temperature was 
raised to 300 °C, at which point As2 shutter was opened, providing an As2 over pressure 
of ~ 5x10-6 Torr. The substrate temperature was then continuously raised until a transition 
in the RHEED pattern from diffuse rings to a streaky pattern was observed, indicating 
desorption of the surface oxide. For GaAs, oxide desorption has been reported to occur in 
 35 
the range of 580 to 610 °C.9, 10 Typically, the corresponding measured substrate 
temperature ranged from 750°C to 830°C. Since the substrate temperatures were 
determined via a thermocouple in contact with the backside of each molybdenum block, 
the oxide desorption temperature was used as an internal block calibration for each 
growth. Following oxide desorption, the block temperature was then increased an 
additional 30 °C and outgassed for 5 minutes to ensur  that surface oxide was completely 
desorbed.  
 The N flux was controlled with a residual gas analyzer (RGA) and a mass flow 
controller (MFC) as follows: The RGA was used to monit r the partial pressure of 14 
amu, and the MFC was adjusted to achieve a targeted value of the RGA 14 amu reading. 
For the (In)GaAs1-xNx films grown at growth rate between 0.5 and 1 µm/hr, to achieve x 
between 0.005 and 0.025, the typical RGA14 value was in the range 2 - 6 x10-9 Torr, and 
the corresponding MFC flows were in the range 0.2 – 0.8 sccm.  It is worth noting that 
the limited precision of the MFC11 was found to lead to a large spread of N composition 
in GaAsN films for a fixed MFC flow; thus, the MFC was not directly used to control the 
N flux. 
 To strike the plasma, the input power was gradually increased to 400 – 500 Watt 
with a fairly high N flow rate, i.e. MFC flow ~ 0.5 sccm.  If the plasma chamber had been 
recently vented or idle in low vacuum condition (a few millitorr) for more than a month, 
the plasma can be difficult to strike, even with the high N2 flow rate.  In this case, the 
manufacturer suggested the following: with the plasm  power at 500 Watt, close the N2
gas line for a few seconds and then immediately reopen it.  This “trick” proved to be 
efficient in most cases.  
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2.3 Reflection High-Energy Electron Diffraction 
 In-situ monitoring of growth rates, incorporation rate ratios and surface 
reconstruction during growth was accomplished using a Staib RH 30 RHEED gun, 
typically operating at 18 KV.  
The intensity oscillations in the RHEED streaks occurs as film growth begins; 
assuming that the time for one oscillation corresponds to the growth of one complete 
monolayer, the growth rate is extracted from the RHEED oscillation frequency.12 13, 14  A 
typical RHEED oscillation is shown in Fig. 2.2 (a). RHEED was also used to determine 
the minimum amount of As flux needed to maintain the proper stoichiometry, often 
termed the “incorporation rate ratio”.  We typically monitor the [110] direction of (2x4) 
pattern to determine the incorporation ratio of GaAs. This measurement starts with a 
sample growing at the growth temperature with both As and Ga shutter opened, so that 
the sample surface is As terminated. The As shutter is then closed for a few seconds, 
causing the surface to become Ga terminated and the RHEED pattern to transform from 
2x to 4x.    The As shutter is then reopened with the Ga shutter still open; the time 
required for the surface to change back to 2x reconstruction is recorded.   Shown in Fig. 
2.2 (b) is a typical plot of RHEED intensity as a function of measurement time for the 
incorporation rate ratio measurement, where t1 is the moment when the As shutter is 
closed, t2 is the moment when the As shutter is reopened, and t3 is the moment when the 
growth recovered to the As terminated growth mode.  An incorporation rate ratio is 
expressed as the total time the Ga shutter is open until the surface recovers divided by the 















13)(             (2.1) 
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For growth of GaAs and AlAs, streaky RHEED patterns are typically observed 
obtained using an incorporation rate ratio, incGa
As
)( , in the range 1.3 to 1.8.15  In this work, 
we aimed for  incGa
As
)(  of 1.4 - 1.5.  If incGa
As
)(  >>1.5, the As pressure was considered to 
be too high and the As needle valve setting was decreased. If incGa
As
)(  <<1.4, the As 
pressure was considered to be too low and the As needle valv  setting was increased.  In 
this dissertation work, our films were typically grown at a growth rate of 0.5 to 1 µm/hr, 
with an As2 cracker needle valve setting 120 - 190 mil, and an incorporation rate ratio of 
1.4 to 1.5.  
 
2.4 Rapid thermal annealing 
 For select (In)GaAs1-xNx films, post-growth rapid thermal annealing (RTA) was 
performed, using a JetFirst-150 Rapid Thermal Processor in the Lurie Nanofabrication 
Laboratory (LNF) at the University of Michigan.  As shown in the schematic in Fig. 2.3, 
a 4 inch silicon wafer was used as the sample holder, with the substrate temperature 
determined by a type K thermocouple in contact with the bottom of the Si wafer.  The 
samples were illuminated from the top with a halogen lamp aparently capable of 
temperature ramping at a rate of 20 °C/sec.  
 For each RTA sequence, As out-diffusion was prevented by capping each sample 
with a new GaAs substrate, polished side facing the film. RTA was then performed in the 




2.5 High Resolution X-ray Diffraction 
 To determine the lattice constant of the epi (In)GaAsN films, double-axis x-ray 
rocking curves (XRC) were performed on bulk-like (In)GaAsN films (i.e. >500 nm in 
thickness).  All XRC’s were carried out using a BEDE D1 system, which has been 
described in detail in Section 2.5 of M.Reason’s Ph.D. thesis.16 
 In the XRC measurements, the sample was “rocked” about the substrate Bragg 
angle, while the detector remained fixed at 2θB.  Two sets of reflections, the symmetric 
(004) and asymmetric glancing-incidence (224), were measured.  A schematic of these 
geometries is shown in Fig. 2.4.17  To average out any epilayer tilt, each set of reflections 
was measured at φ = 0° and φ = 180°.  To determine the epilayer peak position with 
respect to that of the substrate, the separation between th  substrate and epilayer peaks 
was determined by fitting to Gaussians or Lorentzians.  To calculate the N composition 
and strain relaxation, the epilayer-substrate peak separations in the (004) and (224) 
geometries were then input into the Bede software called “Peak Split”. Using the 
epilayer-substrate peak separations, “Peak Split” calculates the in-plane and out-of-plane 
strains, which are then used to find the epilayer lattice parameters and N composition, 
assuming a linear interpolation of binary lattice parameters.  The details of these analyses 
are described in Appendix A.2 of M. Reason’s Ph.D. thesis.16 It is important to note that 
some of the terminologies used in Peak Split software are different from those commonly 










⊥ , commonly referred to 
as “in-plane” and “out-of-plane strain”, are referred to by Peak Split as “Parallel 
Mismatch" and “Perpendicular Mismatch". 
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2.6 Atomic Force Microscopy 
 The surface morphology of GaAsN films was investigated using tapping mode 
atomic force microscopy (AFM) with Digital Instruments Nanosc pe III AFM in the 
Electron Microbeam Analysis Laboratory.  The piezoelectric scanners typically move the 
probe in a curved motion over the surface, which results in a 9Bowing: in the AFM 
image. Therefore, all as-collected images were “flattened” using the Digital Instruments 
software, which is basically subtracting a polynomial function (usually order 2 or 3) from 
the image.  A variety of other image analysis functions were performed using the 
software, including section analysis, roughness measurements, and power spectral density 
(PSD) analysis.  Details of these procedures are explained in Section 2.7 of X.Weng’s 
Ph.D. Thesis.17 
 
2.7 Ion Beam Analysis 
Nuclear reaction analysis (NRA) and Rutherford backscattering spectrometry 
(RBS) of GaAsN and GaAs films were performed in both the [001] channeling and non-
channeling conditions. The ion beam measurements were initially performed at the 
Michigan Ion Beam Laboratory (MIBL) by Dr. V. Rotberg using a General Ionex 1.7 
MV Tandetron accelerator.  Later measurements in MIBL were performed by Dr. F. 
Naab, with a few modifications to the experimental setup.  The reminder of the 
measurements were performed by Dr. Y Wang of the Ion Beam Material Laboratory, at 
Los Alamos National Laboratory (LANL).  The author participated in all ion beam 
measurements.  A table comparing the key features of the thre  ion beam measurement 
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setups in MIBL and LANL is presented in Appendix B.2.  The rest of this section will 
focus on the description of the experimental setup used at LANL.  
 Figure 2.5 shows a schematic of the RBS and NRA experiment setup.  1.2 MeV 
positively charged deuterons ( H11  or d) were collimated into a beam and directed at the 
GaAs(N) sample surface.  The total number of ions incidet on the sample was measured 
by a charge integrator electrically connected to the sample holder.  In addition, to prevent 
the inclusion of sputtered electrons in the incident ion dose measurement, a Faraday cup 
was utilized to produce an electric field around the sample.18 The backscattered ions were 
collected by two charged-particle radiation detectors, one for NRA signal detection, and 
the other for RBS signal detection. Both detectors have solid angles 60=Ω  milli-
steradians (msr). They were mounted symmetrically at scattering angles of 150=θ °, at 
which angle the NRA reaction cross-section has been chara terized.19, 20  A 26 µm 
Kapton film was placed in front of the NRA detector to filter out backscattered low 
energy deuterons and prevent saturation of the detector.21  The counts of scattered ions 
collected by both detectors were plotted as a function of their c annels, and outputted as 
NRA and RBS spectrum, as shown in Fig. 2.6 and Fig. 2.7, respectively. In these plots, 
the channel number is linearly dependent on the energy of the emitted particles, and the 
larger channel numbers represent higher energy. The beam alignment procedure used at 
LANL is described in Appendix B.3.  All ion beam measurements were repeated multiple 
times for greater accuracy. 
 Typical RBS spectra for a GaAs film in channeling and non-channeling 
conditions are shown in Fig. 2.6. Since the channels nar the edge of the spectra 
correspond to incident ions that have undergone scattering from only the top few nm of 
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the sample, these high energy particles were used to calculate χmin(GaAs). The channels 
away from the edge were not used in this analysis, since they correspond to incident ions 
that travel further into the film and undergo multiple scattering events, which introduce 
significant errors in the backscattering analysis. Therefore, χmin(GaAs) was defined as the 
ratio of the channeling and non-channeling yields of the top 4-5 channels. 
For NRA measurements, to identify the channel number associated with specific 
N-related reactions, a TiN film was used as the reference sample. The stoichiometry of 
this TiN film was confirmed using NRA and RBS measurements with a deuterium beam 
to measure the N and Ti concentrations, respectively.  Shown in Fig. 2.8 is a typical NRA 
spectrum from a TiN film. N-related peaks associated with several nuclear reactions are 
labeled, including CdN 1214 ),( α  and NpdN 1514 ),( . Interestingly, the reaction 








1 , has two emitted 
particles, α0 and α1, which are easily distinguishable from the background.  Therefore, 
the quantitative analysis of the total and interstitial N fraction was accomplished using 
the α0 and α1 yields.  
The total N concentration for each sample was calculated dir ctly by using the 
non-channeling NRA yield, Y, the cross-section of the nuclear reaction, σ , the solid 
angle of the NRA detector, Ω , the epi-film thickness, t, and the total charge, Q , as 
follows:16    
tQYN ⋅⋅Ω⋅= σ/                 (2.2) 
The total N concentration in GaAsN film was also calculated by comparing the sample 
NRA yield with that of the TiN film with known N composition.  The advantage of this 
method is that it does not depend on knowledge of the absolute values of the incident 
 42 
charge and the detector solid angle, and thus reduces the sources of measurement error.  
The fraction of N incorporating interstitially, fint, was then calculated from the yields of 
the RBS on GaAs films and NRA on GaAsN films, based upon an assumption that the 
GaAs1-xNx is stoichiometric, i.e., fGa=fAs+fN.  These calculations are also described in 
detail in Section A.3 of M.Reason’s Ph.D. thesis.16   
 
2.8 Variable Temperature Hall and magnetoresistance Measurements 
 To determine the T-dependence of the electronic properties of (In)GaAsN films, 
transport measurements were implemented in both Van der Pauw and Hall bar geometries, 
and variable T resistivity and Hall measurements were performed from 1.6 K to room T.    
The Hall bars were fabricated with standard photolithography rocess and e-beam 
evaporation in the Lurie Nanofabrication Laboratory (LNF) at University of Michigan.  
The room temperature Hall and resistivity measurement were p formed in Prof. 
Goldman’s lab in the MSE department.  The Variable Temperature Hall and 
magnetoresistance measurements were carried out at Prof. Cagliyan Kurdak’s research 
laboratory in the Physics Department, University of Michigan, by Yu Jin, with the help 
from Ryan Jock, Christer Akouala, Niall Mangan, and Hailing Cheng. 
 Figure 2.8 shows a schematic of the Van der Pauw sample geometry.17  For this 
purpose, the samples were cleaved into 5 mm by 5 mm squares, and small (~0.5 mm2) 
indium contacts were deposited on each of the four corners.  The samples were then 
annealed at 410 °C for 2 minutes in atmosphere pressure N2 to form ohmic contacts.  25 
µm diameter gold wire was then manually bonded to each contact and subsequently 
soldered to the sample holder. The Van der Pauw geometry samples were straightforward 
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to fabricate, but have two intrinsic sources of error. First, due to the finite size of the 









            (2.3) 
where d is the dimension of the contact and D is the dimension of sample.22 The second 
source of error is the asymmetric shape of the sample. If the Van der Pauw sample is not 
perfectly square, a correction factor needs to be considered as follows: 
measuredreal f ρρ ⋅=              (2.4) 
where f ≤  1, and depends on the degree of asymmetry of the sample geometry.22 
Alternatively, these errors are minimized by instead using the Hall bar geometry, as 
discussed next. 
In this thesis, we also used an eight - arm gated Hall bar, adapted from Section 3.5 
of A.Young’s Ph.D. thesis.23 Figure 2.9 is a schematic drawing of the gated Hall b r, 
showing the dimensions as well as the definitions of the different voltages measured. The 
detailed lithography recipe manner is described in Appendix D.  Similar to the Van der 
Pauw samples, gold wires of 25 µm diameter were then manually bonded to each contact 
and soldered to the sample holder. For modulation-dope  heterostructures, the free carrier 
concentration in the channel layer was controlled by front gating. Gate definition required 
one extra lithography step, namely, e-beam evaporation of 300 nm Al. To minimize 
leakage current along the top periphery of the mesa, the area of the gate was defined 
beyond the edge of the mesa by ~20 µm.   
 Prior to Hall and resistivity measurements, the ohmic nature of all contacts was 
verified using a Hewlett Packard 4156B precision semiconductor parameter analyzer.  
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For GaAs1-xNx films with x = 0-0.02 and n-type doping concentration 0.5-5 x 10
18 cm-3, 
the contact resistance was typically within the range of   100 Ω – 10 KΩ.   
For room temperature Hall and resistivity measurements, a DC current of 10-100 
mA was sent between two contacts, using a Keithley 224 programmable current source.  
The voltage drop parallel to the current was measured sing a Hewlett Packard 34420A 
nanovolt / microOhm meter in the absence of a magnetic field. The voltage drop 
perpendicular to the current was measured in the presence of a magnetic field, ~ 0.1 Tesla.  
The default input impedance of the voltmeter is 10 MΩ, which can be used to measure 
the sample with contact resistance < 1 MΩ.  For samples with Ohmic contact but contact 
resistance > 1 MΩ, the input impedance of the voltmeter needs to be switched to > 10 GΩ.  
From these measurements, the electron mobility, µ, and free carrier concentration, , 
were determined using ASTM Standard F76.24 
For the variable temperature (1.6K to room temperature) Hall and 
magnetoresistance measurement, the sample was mounted in a cryostat equipped with a 
superconducting magnet, as shown in Fig. 2.10.  Thecryostat has three shells: a vacuum 
outer shell used to insulate heat exchange in order to maintain the low temperature in the 
chamber; a middle shell filled with LHe, and an inner shell as the sample chamber, which 
is kept at low pressure by a mechanical pump.  The sample chamber can be cooled to 
1.6K by opening a needle valve at the bottom of the sample chamber connecting the 
middle and inner shell.  When the needle valve is opened, LHe flows into the inner shell 
and becomes vaporized due to the low pressure in the sample chamber, thus, cooling the 
chamber to below LHe temperatures.  A heater is also located at the bottom of the sample 
chamber, so that the chamber can be heated up to room temperature. A current is passed 
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through the NbTi superconducting wire from -72 to +72 A (ramp rate up to 0.6 A/s), 
resulting in a magnetic field ranging from –8 to +8 Tesla (the conversion between Amp 
and Tesla is determined to be 10.62, i.e. magnetic fi ld =10.62 x current).  Two Stanford 
lock-in amplifiers were used to measure the transverse and longitudinal voltage across the 
contact probes. The Lock-ins enable simultaneous measur ment of both the in-phase 
(resistance) and the out-of-phase (capacitance) component of the impedance.  When the 
magnitude of the out-of-phase signal is > 1/10 of the in-phase signal, the data is 
considered to be faulty, since measurement noise, such as the capacitance in the 
connecting cables, has become a significant fraction of the measured signal. This 
typically happened for high N compositions (>1.5%) and low measurement temperatures 
(<20K) 
In addition, two light emitting diode (LED) assisted xperiments were performed. 
In both cases, the LED was mounted directly above the sample, using two of the 
remaining leads on the sample holder.  For the heterostructure samples discussed in 
Section 3.8 of this thesis, a commercial infrared light emitting diode (LED) was used to 
vary the carrier density in the channel layer. For the bulk GaAs(N) alloy films discussed 
in Section 4.4.3 of this thesis, the persistent photoconductivity effect was investigated 
using a LED with wavelength λ=940 nm. To minimize heating effects, the LED bias 
voltage was kept below 1 V, leading to a current of ~ 50 mA.  The detailed procedures 





2.9 Photoluminescence and Raman spectroscopy 
To determine the optical emission efficiency of select GaAsN films, 3K to room 
temperature Photoluminescence (PL) spectra were performed with a 488 nm Ar laser 
operating at 6.4-83 mW/cm2 (attenuation 0-2 and exposure time 1-10 seconds) and an 
HR320 spectrometer equipped with liquid nitrogen cooled IGA detector.  The PL 
measurements were performed by Ms. Yan He in Prof. J. L. Merz’s group in the 
Electrical Engineering Department, University of Notre Dame,  
In addition, resonant Raman spectroscopy was used to detect the local vibrational 
modes, presumably associated with N-related defect states.  The resonant Raman 
spectroscopy uses lasers with frequencies at or close t  the target vibrational modes, so 
that the intensity of these vibrations is enhanced an  can be detected. Raman spectra were 
obtained using a Renishaw inVia Raman microscope at the Center for Nanoscale 
Materials at Argonne National Laboratory.25  For these measurements, a 633 nm laser 
operating at 5 mW was used, The laser was focused to a 1 µm spot using a 50x objective 
lens.  Raman scattered light was collected using 180º backscattering geometry and 
dispersed on a cooled CCD detector using an 1800 g/mm grating.  The signal integration 
time was 60 sec. The Raman measurements were perform d by Dr. Mintairov of the 
Electrical Engineering Department, University of Notre Dame. 
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Figure 2.1 Schematic of the Modified Varian Gen II molecular-beam epitaxy system 
used in these studies.  The radio frequency plasma source is located on one 
of the effusion cell ports, with a gate valve separating it from the main 
chamber, along with seven solid sources (Ga, In, Al, Be, Si, GaTe, and As 
cracker). Reprinted with permission from M. Reason., Ph.D. Thesis, 
University of Michigan. Copyright 2006 
 


































































Figure 2.2 RHEED intensity as a function of measurement time for (a) GaAs growth 
rate calibration and (b) incorporation rate ratio measurement. For the growth 
rate calibration, the As shutter is always open; the opening and closing of Ga 
shutter are labeled in (a).  For incorporation rate r tio calibration, the As 
shutter is initially open and the Ga shutter is always open; the As shutter 
closing, reopening, and the surface reconstruction recovery are labeled t1, t2, 
t3 in (b) respectively.    


























































































Figure 2.3 Schematic of the rapid thermal annealing setup.  The sample is sandwiched 
between the Si wafer sample holder and a GaAs proximity cap. Illumination 













































Figure 2.4 Schematics of (a) the symmetric (004) and (b) asymmetric glancing-
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Figure 2.5 A schematic of the Rutherford backscattering spectros opy (RBS) and 
nuclear reaction analysis (NRA) experimental setup used at Ion Beam 
Materials Laboratory at Los Alamos National Laboraty. The incident ion 
beam is parallel to the normal of the sample surface and the scattered ions 
were collected by RBS and NRA detectors mounted at a scattering angle 
of 150° with respect to the incident beam direction. To measure the total 
number of incident ions, the charge integrator was electrically connected 
to the sample holder. The sample holder can be rotated around the x- and 





































Figure 2.6 RBS spectra for a GaAs sample measured in channeling and non-
channeling conditions.  The counts of top 4-5 channels ear the edge of 
the spectra (as shown by the shaded region) are chosen to calculate 
χmin(GaAs), which is then used to calculated interstitial N fraction. 
 




























Figure 2.7 NRA yield (counts) vs. channel number for a 32 nm thick TiN film on Si 
substrate measured in non-channeling conditions. The channel number is 
linearly dependent on the energy of the emitted particles, and the larger 
channel numbers represent higher energy. Several high energy N-related 
nuclear reactions are labeled.  The energy of emittd alpha-particles (0α  
and 1α ) is higher than the energy from other nuclear reactions; thus, the 
0α  and 1α  peaks were used to calculated N composition with minimal 
interference from the background. 





































Figure 2.8 Schematic of a typical symmetric Van der Pauw specim n.  In our studies, 
the length of the specimen sides, D, is ~ 5 mm, the specimen thickness, t, 
is ~ 0.5 mm, and the size of the contacts is typically ~0.05 mm2. Reprinted 
















































Figure 2.9 Schematic of lithographically-defined 8-arm gated Hall bar used for the 
electron transport measurements.  The area of the gate was defined beyond 
the edge of the mesa to minimize leakage current along the top periphery 


































Figure 2.10 Schematic of the cryostat used for variable temperature transport 
measurements.  The cryostat is equipped with a superconducting wire in 
the vicinity of the sample. A current is passed through the superconductor 
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3.1  Overview 
 This chapter describes investigations of extrinsic N-related point defects, namely, 
Si-N complexes, on the optical and electronic propeties of GaAsN films.  First, we 
summarize the advantages and disadvantages of Si and G Te as n-type dopants in GaAs 
MBE growth. Then, we review of earlier investigations of Si-N complex formation in 
GaAsN.  Next, the experimental details for are described.  
The bulk of this chapter is devoted to the study the formation of Si-N complexes 
and their influence on the optical and electronic properties of GaAsN films and 
modulation-doped heterostructures. The presence of Si-N complexes is first suggested by 
a decrease in free carrier concentration, n, with increasing N composition, which is 
observed in bulk-like films but not in modulation-doped heterostructures, where N and Si 
donors are spatially separated in two layers. For GaAsN:Te (GaAsN:Si), n increases 
minimally (substantially) with annealing T, suggesting a competition between annealing-
induced increases in Si-N complex formation and decreases in N-related free carrier traps.  
Since the formation of Si-N complexes is enhanced for GaAsN:Si growth with the (2 x 4) 
reconstruction, which has limited group V sites avail ble for As-N exchange, the 
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interstitial Si-N pair, (Si-N)As, is identified as the dominant Si-N complex. Finally, the 
heterostructures were also used to study carrier scattering mechanisms in GaAsN alloys.  
With minimal Si-N defect complexes, the dominant source of carrier scattering was 




3.2  Background 
3.2.1  Si-doping of GaAs 
 Si is commonly used as an n-type dopant for GaAs-based materials and devices 
grown by molecular beam epitaxy (MBE) and metalorganic chemical vapor deposition 
(MOCVD).  As a hydrogenic shallow donor, the ionizat on energy of Si in GaAs is 4-6 
meV.  Si has the following advantages when used as a dopant in MBE growth: it has a 
low vapor pressure, low toxicity, low diffusivity, and negligible surface segregation in 
the film growth direction.  In addition, the doping concentration can be fairly well 
controlled at low to middle doping level (<5x1018 cm-3), by adjusting the effusion cell 
temperature.  However, the doping efficiency of Si decreases as the doping concentration 
increases. As the Si doping level increases above  ~7x1018cm-3, the number of free 
carriers first saturates and then begins to drop with further higher doping.1 This is likely 
due to the amphotericity of Si in GaAs.  Since Si is a group IV element, it can act as a 
donor or an acceptor, depending on its occupation of Ga or As lattice sites, i.e. SiGa or 
SiAs.  At high doping levels, the amphotericity of Si leads to significant autocompensation, 
which lowers the doping efficiency and induces additional electron scattering.2-4 Indeed, 
it has been suggested that for the growth of stoichi metric GaAs on (001) GaAs 
substrates, Si predominantly occupies group III sites, leading to electron donor behavior.5, 
6 For other growth conditions, such as liquid phase epitaxy from a gallium-rich solution 
at relatively low temperatures, or growth on (n11) substrate using MBE, where n≤ 3, p-
type GaAs:Si has been reported.7-9   
The maximum free carrier concentration achieved for Si-doped GaAs, 1.8 x1019 
cm-3, was obtained at a relatively low growth temperature < 420 ºC.10 This has been 
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explained in terms of reduced autocompensation at lower growth temperatures (i.e. ~400 
ºC vs. ~600 ºC). The resulting higher surface vacancy concentration ratio [VGa]/[V As] 
would facilitate incorporation of substitutional dopant atoms.11 However, others have 
suggested that autocompensation would only account f r a minor (“up to half”) effect of 
the electrical inactivity in GaAs.12,13,14  Instead, the reduced Si activity has been attribued 
to the presence of SiGa-VGa pairs, SiGa-SiAs dimers, and/or Sin (n>2 ) clusters.
13,15,1 
 
3.2.2  Alternative group VI sources for n-doping in GaAs 
Group VI elements (Chalcogens), such as S, Se, and Te are expected to 
predominantly occupy group V sites, acting as donors (n-type dopants) in III-V 
compounds.  Indeed, Sb-containing III/V semiconductors, such as GaSb and GaAsSb, are 
typically doped with Te.16  For GaAs and InP, the n-type doping with Te has several 
other advantages, including a high incorporation effici ncy, which leads to high 
achievable doping levels, and a low diffusion coefficient.17-19  In addition, the donor 
activation energy is lower for AlGaAs:Te than for AlGaAs:Si.20 Furthermore, for 
MOCVD growth, n-type doping is commonly achieved using group VI-based sources, 
such as H2Se
21 and dielthyltellurium (DETe).18 
However, during MBE growth, it is not straightforward to use Te as a dopant.  
First, elemental Te has a very high vapor pressure (i.e. low temperature for sublimation), 
which leads to poor source temperature stability and makes it more likely to stay in the 
chamber after growth. Thus, elemental Te source is not suitable for UHV MBE growth.22  
In addition, during GaAs growth, Te acts as a surfactant, which modifies the kinetic 
processes occurring at the growth surface.23, 24  Furthermore, as shown by Newstead t al., 
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using a combination of MBE growth and SIMS profiling, Te exhibits surface segregation 
in GaAs layers grown at 600 ºC and above,25  and Te desorption is also apparent at 600 
°C and 630 °C. 
Alternative group VI sources for n-type doping of during MBE growth of III-Vs 
include III-VI chalcogenides, such as GaTe, PbTe and PbSe.  For GaTe, the cell 
temperature required to achieve 1 x 1018cm-3 Te doping in GaAs is ~ 500ºC, which is 
high enough to achieve precise temperature control.26  n-type doping with chalcogenides 
has been achieved in various III-V semiconductors, such as GaTe doping in AlGaSb,22 
and PbTe doping in AlSb and GaSb.27  More recently, Bennett et al. performed a 
systematic study of using GaTe as an n-type dopant in several antimonide and arsenide 
III–V compounds.  For a fixed GaTe flux, similar free carrier concentrations were 
obtained in various arsenide and antimonide compound host materials. Specifically, for 
source temperatures ranging from 350 ºC to 550 ºC, free carrier concentrations from 
3x1016 cm-3 to 1x1019 cm-3 were achieved. Following the use of GaTe, insignifcant cell 
cross-talk or memory problems were found in the MBE.28  
 
3.2.3 N-Si pair formation 
It is interesting to note that the highest reported mobility for InGaAsN is µ ~ 2000 
cm2V-1s−1 is achieved by MOCVD, using DETe as the Te source.29 This is an order of 
magnitude higher than the typical µ for (In)GaAsN:Si alloys.30 Thus, it has been 
suggested that the degraded electronic properties of (In)GaAsN:Si might be related to the 
interaction between N and Si donors, which form a Si-N complex, leading to a reduced 
electrical activity of Si in InGaAsN.31-33  
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The formation of N-Si pairs has also been suggested by observations of unusual 
annealing behavior in GaAsN:Si.31 Rapid thermal annealing (RTA) is frequently used to 
improve the electron mobility and photoluminescence efficiency of GaAsN alloys.34-38  
However, in highly Si doped (Si ~ 1x1019cm-3) GaAsN films, Yu et al. reported that RTA 
substantially increases the resistivity of GaAsN films, with a negligible effect on those 
doped with Se.31  A slight increase in the effective bandgap following annealing also was 
reported for GaAsN:Si.31   
Yu et al. attributed the above phenomena to the formation of substitutional Si-N 
pairs, SiGa-NAs, as shown in Fig. 3.1 (a).  The presence of SiGa-NAs was also suggested by 
Li et al.’s calculations, which showed that SiGa-NAs binding in GaAsN is energetically 
favored, and that SiGa-NAs formation pushes the shallow SiGa donor levels deep into the 
bandgap.32  However, according to the calculations of Janotti et al., the binding energy 
(0.26 eV) for the substitutional Si-N pair, SiGa-NAs, is too small to explain the formation 
of a high concentration of SiGa-NAs pairs at temperatures above 800 ºC.  In addition, he 
SiGa-NAs model does not explain the appearance of a deep level at 0.8 eV above the 
valence band (VB) maximum observed in photoluminescence experiments.33, 39 On the 
other hand, Janotti et al. proposed a more energetically favorable Si-N interstitial pair, 
(Si-N)As, which acts as a deep acceptor in n-type GaAsN.
33  The schematic of the (Si-N)As 
pair is shown in Fig. 3.1 (b).  Prior to this dissertation research, no experimental evidence 
has been reported to support either form of the Si-N complexes, and the influence of Si-N 




3.2.4 Modulation-doping of AlGaAs/GaAs(N)  
To investigate the influence of N-dopant spatial separation on the electronic 
properties of GaAsN, modulation-doped heterostructures were employed. Modulation-
doping is commonly utilized to enhance the mobility of semiconductor alloys by reducing 
the ionized impurity scattering via spatial separation of the free carriers and the ionized 
impurities.40-42  In particular, a modulation-doped two-dimensional electron gas (2DEG) 
heterostructure consists of a junction between wide and narrow bandgap semiconductors, 
such as AlGaAs/GaAs.  The wide bandgap material is doped in the vicinity of the 
junction while the narrow bandgap material is undoped.  For n-type doping, since the 
conduction band (CB) of the wide gap material is higher in energy than that of the narrow 
gap material, electrons are transferred across the in erface to the lower band, forming a 
two dimensional electron system at the narrow gap side of the interface.43 44, 45  
AlGaAs/GaAs(N) 2DEGs provide a unique opportunity to study the carrier 
scattering/trapping in GaAsN without Si-N defect complexes.  In addition, the 2DEGs 
enable studies of the carrier scattering and/or trapping mechanism associated with the N 
defects in GaAsN with minimal ionized impurity scattering from the ionized Si donors.43, 
44, 46 Furthermore, the free carrier density in the 2DEG channel layers can be easily 
adjusted by applying front gate voltage, or by illumination (utilizing the persistent 
photoconductivity effect in AlGaAs).43 44  In semiconductors, the dependence of the 
relaxation time, τ, and the electron mobility, µ, on Fermi energy varies with scattering 
mechanism.  For example, in 3D, for ionized impurity scattering, τ ~ Ef3/2, for 
piezoelectric scattering τ ~ Ef
1/2, and for neutral impurity scattering, τ is independent of Ef.  
Therefore, to further investigate the N-related scattering mechanisms, it is ideal to study 
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µ as a function of Fermi energy.  However, in bulk fims, the Fermi level can only be 
varied by growing films with different doping concentration.  This is not only tedious but 
also induces additional extrinsic impurities, which would complicate the analysis.  In this 
case, the modulation-doped heterostructure is useful as it enables us to manipulate the 
Fermi level in the 2DEG layer by either gating or illumination, without having to grow a 
series of samples or introducing additional scattering sources.   
 
3.3 Experimental Details:  
The GaAs1-xNx alloy films were grown on semi-insulating (001) GaAs substrates 
by molecular-beam epitaxy (MBE), using Ga, As2, Si or GaTe (for n-type doping) and an 
N2 rf plasma source.  For bulk-like films, after an initial 250 nm thick GaAs buffer layer 
was grown at 580 °C, 500 nm GaAs(N) films were grown ith either Si or GaTe 
doping.26, 28 The sample cross-section of the bulk-like films is shown in Fig. 3.2.  First, 
for the purpose of doping calibration, a series of GaAs:Te and GaAs:Si films were grown 
with different Si and Te cell settings, substrate temperatures, and GaAs growth rates.  For 
the growth of GaAsN films, the Si and GaTe cell Ts were chosen to target equivalent n in 
GaAs:Te and GaAs:Si control films.  Most GaAsN layers were grown at relatively low T
(~400°C), to avoid growth in the so-called “forbidden window”, a specific T range where 
multilayer growth has been reported for GaAsN, as introduced in Section 3.6 of M. 
Reason’s PhD thesis.47  These films will be referred to as “low-T GaAsN:Si”.  Several 
GaAsN:Si layers were also grown at elevated substrate T, 580 °C, which will be referred 
to as “high-T GaAsN:Si”.   
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For the modulation-doped heterostructures, the sample cross-section is shown in 
Fig. 3.3. First, a 50 nm thick GaAs(N) channel was grown at 400 °C.  Next, a 5 minute 
pause was used to ramp the substrate temperature to 580°C, and layers of 1 nm GaAs, 20 
nm undoped Al0.3Ga0.7As, 60 nm Si-doped Al0.3Ga0.7As, and 10 nm GaAs were then 
grown in succession.  All layers were grown with the V/III beam equivalent pressure 
(BEP) ratios adjusted to produce a ratio of As/Ga incorporation rates of ~1.5,48 which 
corresponds to a V/III BEP ratio of ~15 (~10) for growth temperatures of 580 °C (400 
°C). 2DEG heterostructures containing GaAs or GaAsN as the channel layer will be 
referred to as a “control 2DEG” or “nitride 2DEG”, respectively. 
For select samples, rapid thermal annealing (RTA) was performed for 60s in the 
temperature range 650 to 800 °C.  (004) and (224) x-ray rocking curves (XRC) were 
compared before and after annealing. For example, (004) and (224) XRCs collected from 
a GaAs0.983N0.017 film before and after annealing are shown in Fig. 3.4.  In all cases, the 
substrate reflections are set to 0, and the GaAsN epilay r peaks are marked with a dashed 
line. For the (004) reflections, the substrate-epilayer peak separation is ~1000 arcsec 
before and after RTA, suggesting negligible RTA-induced changes in the (004) lattice 
plane spacing. Similarly, for the (224) reflections, the substrate-epilayer peak separation 
is ~1500 arcsec before and after RTA. Since both the (004) and (224) lattice plane 
spacings of the film remain unchanged with RTA, it is likely that the average N 
composition remains constant following RTA. Indeed, analysis of a series of (004) and 
(224) XRCs indicates that the average N composition in the GaAsN films remains 
unchanged after RTA up to 800 °C.  For the dilute nitride 2DEG samples, the N 
compositions in the channel layers were determined using NRA of similarly-grown 1 µm 
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thick GaAsN bulk-like films.  
The 2DEG samples were all fabricated into Hall bar geometry, and transport 
measurements were performed at 1.5 K, 4.2 K, and room temperature.  Parallel resistivity, 
ρxx, and transverse resistivity, ρxy, were measured as a function of magnetic field, from 0 
to 7 T.  To modulate the free carrier density, the gate voltage was swept from -100 mV to 
70 mV, and magnetoresistance measurements were collected in increments of 10 mV. To 
increase the carrier density, samples were illuminated with an LED during the 
measurement. These type of measurements will be termed "illumination-assisted" 
measurements. After illumination for 10-15 minutes, the LED was switched off and the 
magnetoresistance data was immediately collected in the dark.  Any variation in time-lag 
between switching off the LED and performing the measurement is not expected to be 
significant, due to the typically long relaxation time (hours or even days) of carriers 
activated by the persistent photoconductivity effect in AlGaAs/GaAs modulation-doped 
heterostructures.49-51 
 
3.4 Influence of N-dopant spatial separation 
Here, we compare the electronic properties of GaAs1-xNx alloys with various Si-N 
spatial separations. Figure 3.5 (a) presents the free carrier fraction, i.e., the ratio of nGaAsN 
for Si-doped bulk-like GaAsN films to that of nGaAs with equivalent GaTe targeted doping 
concentration. The free carrier fraction is significantly lower than unity, and decreases 
with increasing x. This trend is consistent with the results of Ishikawa et al., also plotted 
in Fig. 3.5 (a).52  The trend of decreasing free carrier fraction with increasing x suggests 
the presence of N-related charge trapping centers in the GaAsN:Si films.   
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Shown in Fig. 3.6 is the CB diagram of the AlGaAs/GaAs1-xNx modulation-doped 
heterostructures calculated with 1D Poisson/Schrödinger simulation software.53-55 
Magnetoresistance measurements of longitudinal resistivity, ρxx, and transverse resistivity, 
ρxy, as a function of magnetic field, for (a) control 2DEGs, (b) a dilute nitride (x=0.0008) 
2DEG prior to illumination, and (c) a dilute nitride (x=0.0008) 2DEG following 
illumination are presented in Fig. 3.7.  For both types of 2DEGs, quantum Hall (QH) 
plateaus are observed at ρxy=h/ie
2, where h is Planck’s constant, e is the charge of an 
electron, and i is an integer.56  In addition, both 2DEGs exhibit oscillations of ρxx as a 
function of inverse magnetic field, typically referr d to as Shubnikov-de Haas (SdH) 
oscillations.51  The presence of the quantum Hall plateaus and SdH oscillations confirms 
the two-dimensional nature of the electron gases,46 and the single oscillation period in ρxx 
is indicative of the occupation of one subband of the 2DEG. Charge-carrier confinement 
in the 2DEG is confirmed through a comparison of the otal electron concentration, s 
determined from illumination-assisted SdH measurements, and the apparent electron 
concentration, n, determined from illumination-assisted Hall measurements. As shown in 
Table 3.1, n(ns) for the control and the dilute nitride 2DEGs were varied by increasing the 
duration of illumination at a fixed intensity. 
Fig 3.5 (b) shows the sheet free carrier concentration, ns, vs. measurement T for 
several control and dilute nitride 2DEGs (x=0.0008) with equivalent targeted Si doping 
concentrations in the AlGaAs doping supply layer.  In contrast to the bulk-like films, ns 
are similar for the control and dilute nitride 2DEGs at all three measurement Ts.  In the 
bulk films, Si and N reside in the same layer; in 2DEGs Si donors are spatially separated 
from the GaAsN channel layer, reducing the likelihood for formation of N-Si nearest 
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neighbors.  Since the electron trapping is observed in bulk-like films but not in 2DEGs, 
the electron trapping is likely related to the presence of Si dopants in the vicinity of N 
atoms, presumably due to the formation of Si-N complexes.30 
Table 3.1:  Comparison of the total electron concentration, ns, determined from 
illumination-assisted Shubnikov-de Haas (SdH) oscillations, and the 
apparent electron concentration, n, determined from illumination-assisted 
gated Hall measurements, for the control and dilute ni ride samples, 
GaAs1-xNx with x=0.0008. For both the control and the dilute nitride 
2DEGs, fixed intensity illumination, for a variety of durations, was used to 
simultaneous increase n and ns, as described in Section 3.3. Values are in 
agreement within 3% and 7% for the control and nitride samples, 
respectively.  
 
 Control - ns 
(x1011cm-2) 
Control – n 
(x1011cm-2) 
Dilute Nitride - ns 
(x1011cm-2) 
Dilute Nitride – n 
(x1011cm-2) 
1.27 1.25 1.15 1.14 
1.31 1.30 1.29 1.24 
1.4 1.3 1.4 1.3 
1.50 1.47 1.59 1.52 
1.62 1.58 1.75 1.67 
- 1.84 1.90 1.81 
- 2.45 2.09 1.97 
2.70 2.65 2.34 2.20 






at a fixed 
intensity 
  2.95 2.76 
 
3.5 Effects of n-type dopant species 
The charge trapping effects of Si-N complexes are fu ther investigated through a 
comparison of the influence of Si and Te-doping on resistivity, Hall, and PL 
measurements of GaAsN bulk-like films.  Figure 3.8 shows n and µ as a function of 
annealing-T for GaAsN:Si and GaAsN:Te bulk films, in comparison with GaAs:Si and 
GaAs:Te control samples. As-grown GaAsN films exhibit significantly lower n and µ 
than the GaAs control samples, and GaAsN:Te films have slightly higher n than 
GaAsN:Si films. After annealing, minimal changes in n and µ are observed for the GaAs 
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control samples. In GaAsN:Te, a substantial increase in both n and µ with increasing 
annealing T is observed. However, in GaAsN:Si films, we observed a similar increase of 
µ as in the GaAsN:Te films, with minimal increase of n.  
The charge trapping effect of Si-N complexes in GaAsN:Si is also evident in the 
optical properties. Figure 3.9 presents PL spectra for s-grown and annealed GaAsN:Te 
and GaAsN:Si films with equivalent N compositions. For the as-grown films, the near-
bandedge (NBE) PL emission intensity of GaAsN:Te is 1.5 times higher than that of the 
GaAsN:Si film.  For both films, the FWHM are similar nd are reduced ~15 % following 
annealing. Thus, the improvement of NBE PL efficieny is more significant for 
GaAsN:Te than for GaAsN:Si. 
The insignificant annealing-induced increase in n and PL emission intensity of 
GaAsN:Si provides additional evidence for the charge t apping effect of Si-N complexes. 
For GaAsN:Te, annealing leads to higher n and µ, presumably due to the reduction in N-
related free carrier traps, such as N interstitials. In case of GaAsN:Si, the annealing-
induced reduction in electron trapping is presumably balanced by the enhanced formation 
of Si-N pairs. Calculations suggest that Si-N complex formation is energetically 
favorable in the GaAsN:Si system.33, 57  In addition, the diffusion length of Si in GaAs at 
750°C for 60s is estimated to be 1.5nm,58 comparable to the average distance between N 
atoms in GaAs1-xNx with x=0.01-0.02. Indeed, for a random N distributon in GaAsN, N-
N separations of 1.3 to 1.6 nm are calculated, by assuming N atoms distribute uniformly 
in GaAs lattice.  Thus, it is likely that annealing i duces Si diffusion to N atoms, and the 
consequent formation of Si-N complexes.  Similar effects have not been predicted or 
reported for group VI dopants in GaAsN.  
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3.6 Effects of surface reconstruction 
Table 3.2 compares n and µ for low and high-T GaAs1-xNx:Si films with x=0.005-
0.02. The low-T GaAsN:Si films are n-type with n ~2 to 5x1017 cm-3 and µ ~ 200 cm2/Vs, 
consistent with literature reports.52  However, for high-T GaAsN films, degenerately Si-
doped films are observed to be slightly p-type, with hole concentrations ~ 1x1015 cm-3. 
Although Si is amphoteric in GaAs, Si is expected to predominantly occupy Ga sites, 
acting as a donor for GaAs(N) films grown at 580°C.59  Indeed, for the high-T GaAs:Si 
films, n-type conductivity is observed, as shown in Table 3.2.  For high-T GaAsN:Si, 
most Si are presumably electrically inactive due to the formation of Si-N complexes in 
either SiGa-NAs or (Si-N)As form, while a negligible fraction of Si atoms replacing As sites 
act as acceptors, leading to p-type conductivity.  After annealing, for both low-T and 
high-T GaAsN:Si films, n and µ are improved, presumably due to the annealing-induce  
reduction in interstitial N fraction, which will be described in Section 4.5.  
Table 3.2: Free carrier concentrations, n and mobility, µ, for as-grown and annealed 
low-T GaAsN:Si and high-T GaAsN:Si films with various N compositions, 
N%.  
 
    as-grown 780 ºC RTA 
N composition (%) n/p(cm-3) ρ(Ωcm) type n/p(cm-3) ρ(Ωcm) type 
1.0 3.1x1017 230 n 3.3x1017 242 n 
1.3 2.7x1017 192 n 4.0x1017 286 n 
GaAsN:Si 
(400ºC) 
1.9 1.5x1017 161 n 3.7x1017 329 n 
0 1.3x1018 2000 n 1.3x1018 2000 n 
0.6 3x1015 130 p 5.6x10
16 94 p 
1.0 6.5x1015 246 p 1.7x10
16 141 p 
HT-
GaAs(N):Si 
(580 ºC) 1.3 highly resistive 4.2x1016 78 p 
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The enhanced formation of Si-N complexes for the high-T growth provides 
important information regarding the atomic structure of Si-N defect complexes, which 
was under debate in the literature.33, 57  As mentioned in Section 3.2, two models has been 
proposed for the geometry of the Si-N complexes, SiGa-NAs, and (Si-N)As.  During the 
growth of the GaAsN at 400 and 580 °C, the surface re onstructions are (2 x 1) and (2 x 
4), respectively, as shown in Fig. 3.10.60, 61  It has been suggested that the (2 x 4) GaAs 
surface leads to a greater fraction of N incorporated interstitially, since (2 x 4) GaAs 
surfaces have fewer group V sites per unit area than (2 x 1) GaAs surfaces, as shown in 
Fig. 3.10.60-62  Similarly, (N-Si)As are more likely to form on the (2 x 4) GaAs surface.  
On the other hand, for (2 x 1) GaAs, due to the high areal density of group V sites, N and 
Si atoms may more effectively incorporate substitutionally and form SiGa-NAs bonds.  
Thus, the enhanced formation of Si-N pairs for HT-GaAsN:Si with (2 x 4) reconstruction 
suggests that (Si-N)As is the most likely physical model for Si-N complexes in GaAsN:Si. 
 
3.7 Carrier Scattering in GaAsN without Si-N complexes 
The AlGaAs/GaAs(N) modulation-doped heterostructure also enables us to study 
N-related scattering mechanisms in GaAsN, presumably independent of Si-N defect 
complexes.  Figure 3.11 presents µ, determined from the sheet carrier density, ns, and 
sheet resistivity, ρxx, as a function of ns, for the control and dilute nitride 2DEGs. ns is 
varied by illumination with the LED or by applying a gate voltage, as described in 
Section 3.3  µ of our dilute nitride 2DEGs are higher than those reported Mouillet et al.40 
(0.05% N) and Fowler et al.,41 (0.1% N), likely due to the reduction of residual N 
incorporation in the non-channel layer with the improved “gate-valve” control of the N 
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plasma source, as discussed in Reason’s 2007 paper.30  For comparison, tight-binding 
calculations by Fahy for a 10 nm 0.1% N GaAsN quantm well63 are also included. For 
the control 2DEGs, the power law dependence of µ n carrier density is consistent with 
literature reports.23 In addition, µ for the control 2DEG increases continuously with 
increasing ns, while µ for the dilute nitride 2DEG saturates for ns > 2x10
11 cm-2.  
It  has  been  reported that the dominant low temperature scattering mechanism in 
AlGaAs/GaAs 2DEGs is the Coulomb interaction between the free  carriers  and  the  
ionized  impurities,  termed  “long-range ionized impurity scattering.” 43, 46 As the carrier 
density in the channel is increased, there is increased screening of the Coulomb 
interaction with the ionized Si dopants, leading to an increase in µ.64 More specifically,  µ 
is proportional to the momentum relaxation time, τ. For ionized impurity scattering, τ 
varies as Ef
1.5,65 where Ef is the Fermi energy; in two-dimensional systems, Ef  increases 
linearly with ns.
43, 46 Thus, for control 2DEGs, µ is predicted to depend on ns according to 
µ~ns
γ, where γ=1.5. Experimentally, for AlGaAs/GaAs 2DEGs, γ usually ranges from 1 
to 1.7, depending on the thickness of the spacer lay r.65  On the other hand, in channel 
layers for which the dominant scatterers are neutral,  increasing  the  carrier  density  does  
not  screen  the scattering  potential.  Thus, when neutral scattering sources are dominant, 
µ typically has a weak dependence on ns, i.e., γ~0.
64  
As shown in Fig. 3.11, the control 2DEG electron mobility increases continuously 
with carrier density, while the electron mobility of the dilute nitride 2DEG increases with 
ns to a constant value for ns ~1.5x10
11 cm−2. To investigate the N-related carrier scattering 
mechanisms, a linear least-squares fit to the µ vs. ns data for ns > 2x10
11 cm-2 is applied, 
and the mobility dependence on the carrier density i  expressed as µ~ns
γ. For the control 
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2DEGs, γ=0.9, indicating that long-range ionized impurity scattering is the dominant 
scattering mechanism. On the other hand, for the dilute nitride 2DEGs, a weak 
dependence of µ on ns is apparent, with γ=0.1, and µ is saturated for ns > 1.5x10
11 cm-2. 
Thus, increasing the carrier density in the GaAsN channel does not reduce scattering, and 
we conclude that the N-related defects are apparently behaving as neutral scattering 
sources, rather than long-range ionized impurity scattering sources.  
This trend of weak dependence of electron mobility on carrier density in the dilute 
nitride 2DEG is consistent with the tight-binding model calculations of Fahy et al., also 
plotted in Fig. 3.11, which include the interaction f the CB with nitrogen-related cluster 
states.63 At low carrier densities (ns < 1x10
11 cm-2), the deviation of the mobility from a 
power law dependence is likely due to metal-insulator transition (MIT) 44, 66 which was 
not taken into account in the calculations of Fahy et al.63 The MIT effect will be 
discussed in more detail in section 4.2.2 
 
3.8 Conclusions 
In summary, we have investigated the influence of Si-N complexes on the 
electronic properties of GaAsN alloys.  The presence of Si-N complexes is suggested by 
a N-composition dependent decrease in n, which is observed in bulk-like films but not 
modulation-doped heterostructures.  In addition, for GaAsN:Te (GaAsN:Si), n increases 
minimally (substantially) with annealing T, suggesting a competition between annealing-
induced increases in Si-N complex formation and decreases in the N interstitial 
concentration.  Since the formation of Si-N complexes is enhanced for GaAsN:Si growth 
with the (2 x 4) reconstruction, which has limited group V sites available for As-N 
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exchange, the interstitial Si-N pair, (Si-N)As, is identified as the dominant Si-N complex.  
Finally,   modulation-doped AlGaAs/GaAsN heterostruc ures with the N and Si donor 
spatially separated were used to study the scattering mechanism in GaAsN with the 
absence of Si-N defect complexes. The dominant source of scattering is identified to be 































Figure 3.1 Ball and stick schematic for the GaAs unit cell containing (a) substitutional 
SiGa-NAs defect complex, Ref.


























Figure 3.2 Cross-section of GaAs1-xNx films which consisted of an undoped 250 nm 
thick GaAs buffer layer and a 500 nm thick GaAs1-xNx layer grown by 



























Figure 3.3 Cross-section of AlGaAs/GaAsN modulation-doped heterostructure which 
consisted of a 50 nm thick GaAs(N) channel layer, 1 nm GaAs, 20 nm 
undoped Al0.3Ga0.7As, 60 nm Si-doped Al0.3Ga0.7As, and 10 nm GaAs 
grown by solid source molecular beam epitaxy. The whole structure is 















































Figure 3.4 (004) and (224) x-ray rocking curves collected from a GaAs0.983N0.017 film 
before and after annealing.  In all cases, the substrate reflections are set to 0, 
and the GaAsN epilayer peaks are marked with a dashe  line. For the (004) 
reflections, the substrate-epilayer peak separation is ~1000 arcsec before and 
after RTA, suggesting negligible changes in the (004) lattice plane spacing. 
Similarly, for the (224) reflections, the substrate-epilayer peak separation is 
~1500 arcsec before and after RTA. Since both the (004) and (224) lattice 
plane spacings of the film remain unchanged with RTA, it is likely that the 

















































Figure 3.5 (a). Free carrier fraction as a function of N compsition, x, for GaAsN:Si 
bulk-like films.  The free carrier fraction is defined as the ratio of free 
carrier concentration in the GaAsN film to that of the GaAs film doped with 
equivalent target doping concentration.  For comparison, data from 
Ishikawa et al. are also plotted. The free carrier fractions of GaAsN:Si films 
are significantly lower than unity, and tend to decrease with increasing x. 
aRef67, bRef52 (b). the sheet free carrier concentration, ns, for several control 
and nitride 2DEGs, where ns are similar for the control and dilute nitride 
2DEGs at all three measurement-Ts. Reprinted with permission from Y. Jin 
et al., Appl. Phys. Lett. 95, 092109 (2009). Copyright 2009, American 
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Figure 3.6 CB diagram for the AlGaAs/GaAsN modulation-doped heterostructures 
calculated with 1D Poisson/Schrödinger simulation sftware.53-55  A 2-
dimensional electron gas layer is formed near the AlGa s GaAsN 
interface, and ionized Si donor in the AlGaAs layer is spatially separated 


























































Figure 3.7 Longitudinal (ρxx, solid line) and transverse (ρxy, dotted line) resistivity as a 
function of magnetic field measured at 4K for (a) control and (b) and (c) 
dilute nitride two-dimensional electron gases.  The data were collected prior 
to (a,b) and following (c) illumination with a light-emitting diode. The 
second quantum Hall plateaus are labeled as i=2. Reprint d with permission 
from Y. Jin et al., J. Appl. Phys. 102 103710 (2007). Copyright 2007, 
American Institute of Physics. 
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Figure 3.8 Free carrier concentration, , and electron mobility, µ, for GaAs(N):Si 
and GaAs(N):Te as a function of annealing-T.  With increasing 
annealing-T, µ increases for both films, while n increases minimally 
(substantially) for GaAsN:Si (GaAsN:Te) films. Reprinted with 
permission from Y. Jin et al., Appl. Phys. Lett. 95, 092109 (2009). 









































































Figure 3.9 Photoluminescence (PL) spectra for as grown and annealed GaAsN:Si and 
GaAsN:Te films.  For the as-grown films, the NBE PL peak emission 
intensity of GaAsN:Te is 1.5 times higher than that of he GaAsN:Si film.  
For both films, the FWHM are similar and are reduced ~15% following 
annealing. However, the PL emission intensity exhibits a 20-fold (6-fold) 
increase for GaAsN:Te (GaAsN:Si) after annealing. Reprinted with 
permission from Y. Jin et al., Appl. Phys. Lett. 95, 092109 (2009). 
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Figure 3.10 Top view of GaAs (001) As-terminated surface reconstructions, (a) 2x1,60 
and (b) 2x4.61  Open and solid circles represent As and Ga atoms, 
respectively.  Positions in the uppermost two atomic layers are indicated 
by larger symbols.  Since (2 x 4) GaAs surfaces have fewer group V sites 
per unit area than (2 x 1) GaAs surface, (N-Si)As are more likely to form 
on (2 x 4) GaAs surface.  Therefore, the enhanced formation of Si-N pairs 
for HT-GaAsN:Si suggests that (Si-N)As is the most likely physical model 









First Ga planeFirst group V plane
Second group V plane
































Figure 3.11 Electron mobility as a function of sheet carrier dnsity measured at 4K for 
control and dilute nitride 2DEG samples.  The linear least-squares fits 
include data points for ns>2x10
11cm-2.  For the control sample, γ=1.04, 
indicating that the dominant scattering mechanism is remote ionized 
impurity scattering, while the mobility of the dilute nitride sample flattens 
out for carrier densities above 2x1011cm-2, suggesting the dominant source 
of carrier scattering is short-ranged neutral scatters, likely N interstitial 
related point defects. aSee Ref.63 Reprinted with permission from Y. Jin et 
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INFLUENCE OF INTRINSIC N POINT DEFECTS ON THE ELECT RONIC 
PROPERTIES OF GaAsN  
 
 
4.1  Overview 
This chapter describes the investigation of intrinsic N point defects on the 
electronic and optical properties of GaAsN alloy films. As discussed in Section 1.4, the 
intrinsic N point defects refer to defects that do not involve the introduction of additional 
external elements such as donors. To ensure the conclusions of this chapter are 
independent of dopant species, all measurements were performed for both Si and Te 
doped GaAsN films, and similar results were observed in both cases. 
This chapter opens with background information relevant to intrinsic N-related 
point defects in GaAsN. We first summarize earlier studies of the influence of annealing 
on the electronic properties of GaAsN. We then review the physical phenomena 
discussed in the chapter, including the metal-insulator transition (MIT), hopping and 
variable range hopping (VRH) conduction, and the persistent photoconductivity (PPC) 
effect.  Next, the experimental details are described.  The bulk of the chapter is then 
devoted to the examination of the influence of intrinsic N point defects on the electronic 
properties of GaAsN alloy films.   
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We observed three effects in as-grown GaAsN that are removed or reduced after 
rapid thermal annealing (RTA), all of which are explained by the corresponding 
reduction of the N interstitial fraction, fint, following RTA. First, for the as-grown GaAsN 
films, we observed a metal-insulator transition (MIT) with an onset at a much higher 
carrier concentration than what has been observed in GaAs. The MIT in GaAs1-xNx is 
accompanied by a shrinkage of electron Bohr radius with increasing x, suggesting a x-
dependent increase in electron effective mass. In addition, temperature-dependent 
transport measurements reveal a N-induced electron trapping level below the GaAsN 
conduction band (CB) edge and a persistent photoconductivity (PPC) effect. Following 
RTA, a significant increase in  and µ is observed with a transition in the low T transport 
mechanisms from hopping to extended band conduction. In addition, following RTA, the 
T dependence of n is suppressed and the PPC effect vanishes, presumably due to a 
reduced concentration of N-induced electron traps.  Finally, nuclear reaction analysis 
reveals an RTA-induced decrease in fint; corresponding signatures for the reduced fint are 
also identified in Raman spectra. Thus, it is likely that the N interstitial defects are 
responsible for the MIT, the shrinkage in electron Bohr radius, the N-induced trapping 
level, and PPC effect discussed above. Therefore, N interstitials are likely the dominant 
form of intrinsic N defects in GaAsN alloys.  
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4.2  Background 
4.2.1 Effect of annealing on GaAsN alloys 
In dilute nitride (In)GaAsN alloys, RTA can drastically improve the near-band-
edge (NBE) emission photoluminescence (PL) efficieny by a factor of 30-75.1-3  This 
improvement was initially attributed to N out-diffusion during annealing.4, 5  However, in 
later studies, XRC revealed a negligible influence of RTA on the lattice parameter of 
(In)GaAsN films, suggesting insignificant annealing- duced N out-diffusion.6, 7  
Buyonova et al. argued that annealing of GaAsN alloys reduces the disorder due to 
fluctuations in alloy composition and local strain, leading to the elimination of the so-
called “competing non-radiative channels”.7-9  It has also been proposed that the low 
GaAsN growth temperature (400 ºC) leads to a high concentration of VGa, which are in 
turn removed by annealing.1, 10  However, as will be discussed in Appendix D.3, for b th 
the “low” and “high” temperature grown GaAs films, imilar electron mobilities were 
observed, suggesting that significant VGa are not likely to be present in either GaAs or 
GaAsN alloys. Therefore, it is likely that VGa is not the dominant source of electron 
trapping and scattering centers in GaAs(N) alloys.  
The effect of annealing fint has been discussed by several groups, and 
contradicting conclusions have been reported. 11, 12, 13-15  Ramsteiner et al. and Mussler et 
al. found that the intensity of Raman features, which they assigned to (NN)As, was 
reduced by annealing at 800 °C.2, 14 Krispin et al. showed the deep level at 0.8 eV above 
the valence band (VB) edge, which they attributed to (NN)As, is removed by annealing at 
720 °C.3, 16  However, the quantitative comparison of fint before and after RTA is limited 
to two data points in two papers.11, 12 Using NRA, Spruytte et al. report a lower 
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channeling yield for one GaAs0.97N0.03 film after annealing at 760 °C for 1 min. Also 
using NRA, Ahlgren et al. reported an RTA-induced (750 °C for 30 s) decrease in the N 
channeling to random ratio for a GaAs0.956N0.043 film. Both results suggest a RTA-induced 
reduction in fint.
11, 12  On the other hand, it has also been reported that RTA increases fint. 
Loke et al. reported a redshift (wavelength increase) in the GaAsN NBE PL following 
annealing in the range of 550 to 700 °C for 10min, which they attributed to a “kick-out” 
effect of the substitutional As atoms by interstitial nitrogen atoms, leading to an increase 
in fint.
17, 18 To date, the influence of annealing on the fint in (In)GaAsN,  and the 
relationship between interstitial N incorporation and the electronic properties of 
(In)GaAsN remain unknown.  
 
4.2.2 Metal-insulator transition in semiconductors 
In heavily doped semiconductors, the resistivity, ρ, is typically a weak function of 
temperature.  This is because the shallow donors form an impurity band near the 
conduction band edge (i.e., with negligible ionization energy), leading to a temperature-
independent carrier concentration.19 In semiconductors with very low doping 
concentration or in strongly compensated semiconductors, the free carrier concentration 
decreases with temperature. At low temperature, the contribution of the free carriers to 
the conductivity, σ, becomes negligible, and the carrier transport occurs via thermally 
activated hopping between localized states, often termed “hopping conduction”.  In 
hopping conduction, the jump probability is temperatu e-dependent; thus, the resistivity 
is expected to have exponential temperature dependence, as follows:  
)/exp(~ TkBερ                 (4.1) 
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 where ε  is the activation energy of hopping.  Typically, carriers that undergo hopping 
conduction have a very low mobility, since the electron jumps are associated with a weak 
overlap of wave-function tails from neighboring donors.   
As the doping concentration further decreases, the typical resistances between 
neighboring impurities become larger than those betwe n remote impurities with energy 
levels near the Fermi level.  In this case, the characteristic hopping length decreases with 




Tρ            (4.2) 
with  
30 )( BfB aEgk
T
β= ＄ Bk  is Boltzmann’s constant, )( fEg  is the density of states at 
the Fermi level; aB is the Bohr radius, which is assumed to be equivalent to the  
localization radius for states near the Fermi level;  β is a unitless quantity calculated to be 
21.2± 1.2, using Monte Carlo simulations.20 
As the free carrier concentration of a semiconductor decreases, the 
semiconductor undergoes a metal-insulator transitio (MIT), which has been described 
both macroscopically and microscopically.  For the macroscopic definitions of metal or 
insulator, the temperature dependence of σ is extrapolated to 0 K using an expression 
derived by Altshuler and Aronov: 21, 22  
2/1
0 bT+=σσ         (4.3) 
with metals (insulators) having 0σ >0 ( 0σ <0), and an MIT at 0σ =0; b is a dependent on 
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the critical conductance and the density of states  the Fermi level of the material.  On 
the other hand, for the microscopic picture, MIT occurs when the average distance 
between free carriers increases beyond the extension of the free-carrier Bohr radius.  Mott 
quantified this microscopic picture by equating the effective valence electron-cation 
potential in an atom and the electron-electron screening potential, and thereby deriving 
the following relation between carrier concentration and Bohr radius at the MIT point:  
25.03/1 ≈Bc an             (4.4) 
where nc is the critical carrier concentration for MIT.  For example, the Mott criterion 
predicts a critical carrier concentration of nc = 1.56 x 10
16
 cm
-3 in GaAs.21 Therefore, the 
determination of nc will enable us to derive aB, which in turn, enables the derivation of 








hπε=              (4.5) 
 
4.2.3 Persistent photoconductivity 
Persistent photoconductivity (PPC) refers to a phenomenon where an 
illumination-induced increase in σ persists following the termination of illumination, 
usually on the order of hours or even days.23-25  PPC has been observed in various 
compound semiconductors, such as AlGaAs, InP, and GaAsP, as well as other materials, 
such as polycrystalline Si, Ge, and carbon nanotubes.26-33  The PPC effect has been 
explained by various models, including the microscopi  random potential fluctuation 
model, 34-36 the artificial macroscopic potential barrier model,37, 38 and the large lattice 
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relaxation (LLR) model. 24, 25 39, 40  In the microscopic random potential fluctuation model, 
the separation of photoexcited carriers by local-potential fluctuations is believed to be the 
origin of PPC.34  For example, this mechanism has been used to explain the origin of PPC 
effect in ZnCdSe alloy semiconductors.35, 36  PPC has also been observed in artificially 
constructed heterostructures, such as n-i-p-i doping superlattices,37, 38 where the artificial 
macroscopic potential barrier at surfaces and interfac s prevents electron-hole 
recombination.  
 The LLR model has been successfully applied to explain a variety of PPC-related 
experimental observations in AlGaAs.39, 40 In the LLR model, two donor configurations 
co-exist in AlGaAs. When donor atoms such as Si and Te occupy group III sites, they act 
as shallow donors and contribute free carriers to the CB.  When donor atoms incorporate 
interstitially, they act as deep donor levels and trap electrons at low temperatures. These 
deep donors are referred to as donor-complex (DX) centers.24, 25  Upon illumination, the 
electrons trapped in the DX-centers are photo-excitd to the CB, generating photocurrent. 
At the same time, DX-centers undergo a large lattice relaxation and become shallow 
donor states.24, 25 A large energy barrier between the metastable shallow donor state and 
the DX-center state prevents the donor atoms and the photo-excited electrons from 
relaxing back to the equilibrium DX-center state. Therefore, even after the illumination is 
terminated, the increase in photocurrent persists for a long time. Upon thermal annealing, 
enough energy is provided to the lattice to overcome the energy barrier and relax to the 
DX-center state, and the photocurrent decays to itsvalue prior to illumination. 
The PPC effect has been reported in InGaAsN alloys.  Li et al.41 observed PPC in 
unintentionally doped p-type InGaAsN; Hsu et al.42, 43 observed the PPC effect in an 
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unintentionally doped n-type InGaAsN sample. However, the origin of the PPC effect has 
been vaguely attributed to some unknown N-related DX or acceptor-complex  (AX) 
centers, 41 42, 43 and the atomic structure of these centers remains unknown. 
 
4.3  Experimental Details 
The samples used in this study are MBE-grown GaAsN bulk-like films doped 
with Si or Te, as described in Section 3.3.  The film characterization techniques, 
including room temperature and variable temperature transport measurements, ion beam 
analysis, and Raman spectroscopy, were also describd in Chapter 2.  
For the PPC effect study, a light emitting diode (LED) with emission wavelength 
in the range of 940-950 nm was mounted in the cryostat, as described in Section 2.8.  
Prior to illumination, the GaAsN bulk-like films wer  cooled down to the measurement 
temperature.  To achieve thermal equilibrium, samples were held at the measurement T 
for > 10 minutes, and then illuminated until saturaion of the decrease in ρ, typically 30 – 
60 s.  Throughout the measurement, the LED power was fixed at ~15 mW.  After the 
LED was switched off, ρ was recorded as a function of time for ~1 hr.  In one case, ρ was 
recorded for 12 hrs.  To ensure that each set of relaxation data was obtained with the 
same initial equilibrium conditions, the samples were always re-heated to 230 K for at 
least 30 minutes to achieve thermal equilibrium (without illumination) before cooling to 
the next measurement temperature.   
PPC was also utilized to determine µ as a function of n in GaAsN films.  For this 
purpose, Hall measurements were performed immediately following cessation of 
illumination.  At 40 K and 80 K, n and µ were first measured in the dark.  Next, the LED 
 100 
was briefly powered to increase n, and n and µ were then measured again following 
cessation of illumination.  This process was repeated until n was saturated and did not 
increase with further illumination. 
 
4.4  Electronic properties of as-grown GaAsN films 
4.4.1 Metal-Insulator-Transition in GaAsN alloys 
As discussed in Section 4.2, near MIT, σ can be described by Eq. 4.3. As shown 
in Fig. 4.1, for GaAs1-xNx films with various x and similar n, σ is plotted as a function of 
measurement T1/2.  Below 15K, the dashed lines are linear-least-square fits of σ , with the 
y-intercept defined as 0σ .  As shown in Fig. 4.1, σ decreases as x increases, with 0σ ~0 
at x =0.013.  For the x=0.013 film, the carrier cone tration is determined by Hall 
measurements to be ~ 2x10
17 cm-3.  Indeed, the critical carrier concentration for MIT in 
GaAs0.987N0.013 is one order of magnitude larger than what has been r ported for GaAs, 
1.56x1016 cm-3.21  
In GaAs, MIT occurs at a low n since as n decreases, the average distance 
between carriers becomes larger than the electron Bhr radius, aB., and the carrier 
wavefunctions do not overlap. In GaAsN, MIT occurs at a much higher n, presumably 
due the smaller aB in GaAsN in comparison to that of GaAs.  As shown in Eq. 4.4, for 
films at the MIT point, by inserting nc = 2x10
17cm-3 into Eq. 4.4, aB. for GaAs0.987N0.01.3 is 
determined to be 5 nm, about half the aB value .in GaAs (aB (GaAs)=10 nm).   
The electron Bohr radius, aB, can also be extracted by applying the VRH 
formalism (Eq. 4.2). In Fig. 4.2, we plot the resistiv ty, ρ, as a function of measurement 
temperature  T-1/4, for GaAs1-xNx films with various x.  For the control GaAs film, ρ 
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remains constant throughout the entire temperature range (1.6 K to 200 K), as expected 
for a degenerately-doped semiconductor.44  For GaAs1-xNx films with low x (< 0.01), ρ 
increases slightly with decreasing T; for the films with higher x (> 0.01), ρ increases 
exponentially as T decreases, suggesting the onset of hopping conduction.  For x > 0.013, 
as discussed earlier in this section, the films become insulating, and VRH conduction 
dominates.  In the VRH regime, T0 is extracted from the slope of ln ρ vs. T
-1/4 in Fig. 4.2 
(slope = T0
1/4). For GaAs0.987N0.013, using Ba  derived from the Mott criterion (Eq. 4.4), 
g(Ef) was estimated as 1.84x10
21 cm-3eV-1.  Assuming g(Ef) is similar for all GaAs1-xNx 
films, the localization radius can then be estimated as a function of x, as shown in Table 
4.1.  The localization radii with * are for films with x ~ 0.013, near the MIT point, where 
the VHR formalism may not be applicable.  Evidently, here is a trend of decreasing Ba
with increasing x, suggesting carriers became more localized as x increases. 
Table 4.1: Electron Bohr radius, Ba , and density of states at Fermi level, g(Ef), 
estimated for GaAs1-xNx films with various x and dopant species.  Ba  with * are for films 
with x=0.013, near the MIT point; in those cases, the variable range hopping formalism 
may not be applicable.  
 
RMBE x Dopant T0 Ba  (nm) 
g(Ef) 
(eV-1cm-3) 
421 0.006 Si - - - 
420 0.010 Si 27  - 
419 0.013 Si 287 8 * - 
596 0.013 Te 229 8 * - 
597 0.013 Si 1061 5 1.84 x 1021 
598 0.019 Te 18000 2 - 
599 0.019 Si <4000000 >0.3 - 
 
The electron effective mass, me* , can be deduced from aB using Eq. 4.5. For 
example, me*  for GaAs0.987N0.01.3 film is determined to be 0.13 me, twice the value of me*  
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in GaAs (0.067me), and is in qualitative agreement with me*  measured by various other 
experimental techniques.45,46  As schematically shown in Fig. 4.3, N-related point defects 
induce potential fluctuations near the CB edge of GaAsN, leading to carrier localization. 




4.4.2 N-induced carrier trapping state 
Variable temperature Hall and resistivity measurements were used to examine the 
temperature dependence of n in GaAsN.  Figure 4.4 shows a plot of log n vs. reciprocal T 
for as-grown and annealed GaAs0.981N0.019:Te films, in comparison with as-grown 
GaAs:Te.  For GaAs:Te, n is T-independent in the range 50 to 300 K, typical of 
degenerately-doped semiconductors.6 However, for GaAsN:Te films, there are two 
distinct T dependent regimes: for T > 150K, n increases exponentially with increasing T; 
for T < 150K, n is independent of T.  
This T-dependence  of  n  is  reminiscent  of  the behavior  in  n-type  AlGaAs,  
where  two  T-dependent regimes of n are observed, and are attributed to the co-existence 
of a shallow donor level and a deep electron trapping level.47    Similar coexistence of 
Si/Te induced-shallow donor level and N-induced deep l ctron trapping level is likely 
occurring in GaAsN.  As shown in Fig. 4.4, for GaAsN, the saturation of n below 150 K 
is attributed to the shallow Te donors that do not freeze out at very low T. The 
exponential increase in  above 150 K is likely due to the thermal activation of electrons 
that are trapped by N-induced deep levels below 150K.  
Next, we extracted the thermal activation energy of the N-induced deep donor, Ea, 
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a−∝  cannot be used for cases such 
as this one, where shallow and deep donors co-exist in a semiconductor.  Instead, Ea must 









S −∝−            (4.6) 
where kB is Boltzmann constant, n is the apparent free carrier concentration, and ns is the 
saturated shallow donor concentration.  In Fig. 4.4, )( Snnn −  is plotted (in open circles) 
vs. reciprocal T for n > ns, overlaid on the n vs. reciprocal T plot, and Ea are extracted 
from the slope of the least square fit of )( Snnn − .   Summarized in Table 4.2 is the 
resulting Ea values for GaAs1-xNx films with various x and annealing Ts.  For, GaAs1-xNx 
alloys with x = 0.075-0.019, Ea = 60-116 meV, which is significantly greater than the 
activation energy of shallow donors in GaAs (the activ tion energy for Si and Te donors 
in GaAs are 4-6 meV and 30 meV, respectively48), suggesting that the N-induced defect 
state acts as a carrier trapping center, even at room T (kBT  = 26 meV << Ea = 60-116 
meV) 
Since the thermal activation of n is observed in GaAsN films but not in GaAs 
control films, the trapping level is likely due to N-related defects. Furthermore, Ea is 
essentially independent of n-type dopant species, suggesting that the N-related defects are 




Table 4.2:  Shallow donor concentration, ns, and thermal activation energy, Ea 
determined as described above for GaAs1-xNx films with various x and annealing Ts.   
 






0 0.8 116 
700 3.4 NA 578 0.012 Te 
740 4.5 NA 
596 0.013 Te 0 3.0 87 
597 0.013 Si 0 0.9 86 
0 NA >88 
700 0.5 95 
740 1.0 96 
760 2.0 85 
576 0.016 Te 
780 3.80 NA 
0 1.2 60 
670 2.0 75 
710 2.5 65 
740 6.9 63 
598 0.019 Te 
780 9.2 NA 
 
4.4.3 Persistent photoconductivity in GaAsN alloys 
 Shown in Fig. 4.6 is a typical set of 40K normalized photoconductivity data,Ntg , 
for a GaAsN film, plotted as a function of time prior t  commencement of and following 
termination of illumination.  For the purpose of analysis, t=0 is defined as the instant that 












=          (4.7) 
where dρ  is the resistivity prior to illumination (often termed “dark resistivity”), 0ρ  is the 
resistivity at t = 0, tρ  is the resistivity at time t; and dg , 0g and tg  are the inverse of dρ , 
0ρ  and tρ , respectively.  
N
tg  is defined in this manner so that the decay curves ar  
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normalized to unity at = 0.  In addition, the conductivity prior to illumination, gd, is 
subtracted from the measured conductivity, so thatNtg  represents only the contribution 
from photo-generated free carriers.  As shown in Fig. 4.6, the reduction of photo-
generated current is less than 5% in 12 hours, suggestin  the presence of the PPC effect 
in GaAsN films.  PPC is observed from 1.6 K up to 160 K. Above 160 K, the 
photogenerated current decays rapidly, and within a few seconds, the film resistivity 
relaxes to it value prior to illumination. 
To extract the characteristic PPC capture barrier, Ec, we examine the decay 
kinetics of the photo-generated conductivity in GaAsN films. For example, Fig. 4.7 (a) 
shows Ntg  of a GaAsN film plotted as a function of time measured at various Ts.  At low 
T, the resistivity increases slowly with time, indicating the presence of PPC. The decay 




g Nt −=             (4.8) 
where τ is the characteristic decay time and β is the decay exponent. This behavior is 
commonly observed in disordered systems, where the deviation from standard 
exponential decay is usually due to an exponential distribution of barrier energies. In Fig. 
4.7(b), to consider the stretched-exponential relaxation model, the normalized 
conductivity is re-plotted in the form of  ))/1ln(ln( Ntg  vs. )ln(t . For each T, we used 
linear least-squares fits to Fig. 4.7 (b) to determine τ, as labeled in the plot. We found that 
τ decreases rapidly with increasing T. A typical example of τ plotted as a function of 
inverse measurement T is shown in Fig. 4.8.  Ln (τ) is linearly dependent on the inverse 





cττ =          (4.8) 
where 0τ  is the high temperature limit of τ, and Ec is the characteristic PPC capture 
energy barrier. The linear dependence of Ln (τ) on 1/T suggests that the relaxation of PPC 
effect is thermally activated, presumably due to the T-dependent probability for localized 
carriers to overcome Ec. From the slope of the plot in Fig. 4.8, the resulting Ec can be 
determined, as summarized in Table 4.3. These values re similar to the Ec reported by Li 
and Hsu in similar (In)GaAsN alloys (also included in Table 4.3), 41-43 and are ~ 2x the 
value of Ec observed in n-type AlGaAs, attributed to the presence of DX-centers. 
 
Table 4.3: Characteristic PPC capture barrier, Ec for GaAs1-xNx films with various x 
and n-type dopant species. The results from Li et al. 41 and Hsu et al. 42, 43 are also 
included. 
 
RMBE x dopant Ec (meV) Error (meV) 
596 0.013 Te 350 16 
598 0.019 Te 216 26 
583 0.016 Te 224 35 
584 0.012 Te 232 41 
597 0.013 Si 235 51 
Li In0.05Ga0.95As0.097N0.013 NA 570 NA 
Hsu In0.11Ga0.89As0.0992N0.008 NA 349 NA 
 
This PPC effect and the thermally activated n iscussed in the Section 4.4.2 are 
very similar to effects observed in n-type AlGaAs (discussed in Section 4.2.3), 
suggesting that both PPC effects have similar origins.  As shown in Fig. 4.9, within the 
framework of LLR model discussed in Section 4.2.3, we consider a configuration 
coordinate diagram for GaAsN, where two distinct N interstitial related states coexist in 
GaAsN: one shallow donor state near the CB edge, and another deep state.  When the 
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deep state is photoexcited, it converts into the shallow donor state and releases free 
electrons to the CB. An energy barrier between the deep and shallow states prevents the 
system from relaxing and recapturing the free electron.  To reveal the exact physical 
model for this interstitial N-related defect, more experimental and theoretical modeling 
are needed.  For example, to reveal the spectral response of the defect states, PPC 
measurements should be performed using a light source with tunable wavelengths.49 
Furthermore, the PPC effect provides a unique opportunity to vary n continuously 
in a single sample through the variation of photon excitation dose (i.e., the duration of 
illumination at a fixed intensity), without having to grow and fabricate multiple samples 
with different doping concentrations.  As shown in Fig. 4.10, at 40 K, as n is increased 
with illumination from 2.2 to 4x1017cm-3, µ increases monotonically from 50 to 140 
cm2/Vs. A similar trend is observed at 80 K with µ shifted to a higher value for all n 
values.  The dependence of carrier scattering on the position of the Fermi level suggests 
the existence of a N-induced “mobility edge”, i.e. a tail of states near the CB minimum. 
This concept is depicted qualitatively in Fig. 4.11, which is a schematic of the density of 
states (DOS) near the CB edge of GaAsN. In the shaded area, due to the resonance 
between the N-induced localized states and the CB edge of GaAs, a tail of states is 
apparent near the band edge.  Prior to commencement of illumination, n is low and the 
Fermi level lies within the N-induced localized states.  In this case, carrier transport is 
governed by hopping or variable range hopping (VRH).  Since the electron jumps are 
associated with a weak overlap of wave-function tails from neighboring donors, low 
values of µ are observed.  Upon illumination of the GaAsN films, the Fermi level moves 
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up to the weakly localized or delocalized states. Carrier transport is then governed by 
extended state band conduction, and both n and µ increase. 
 
4.5 Effect of annealing on GaAsN alloys 
Following RTA, we examined the transport and structural properties of GaAsN, 
comparing them with those in the as-grown films. Specifically, the transport properties 
and fint are measured. Substantial changes were found in both the transport and structural 
properties, suggesting they have the same origin – RTA-induced reduction in fint. 
Following RTA of the bulk-like GaAsN films, the transport measurements 
described in Section 4.4 were performed again. As shown in Figure 4.2, following RTA, 
for GaAs1-xNx films with x=0.013 and x=0.019, ρ becomes T-independent, suggesting a 
crossover from electron transport via hopping conduction to that via extended-state band 
conduction. Furthermore, as shown in Fig. 4.4, with increasing RTA T, n increases 
substantially and the dependence of n on the measurement T decreases, suggesting that 
RTA reduces the concentration of the N-induced deep donors. Meanwhile, following 
RTA, the PPC effect is no longer evident.  For as-grown GaAs0.987N0.013 films, the 





); following RTA of 
the GaAs0.987N0.013 film, the illumination-induced increase in conductivity is only ~13%. 
Prior to this dissertation work, direct evidence for the influence of RTA on fint in 
GaAsN was limited to single data points in two literature reports.11, 12 In this dissertation 
work, fint of GaAsN films pre- and post-RTA were systematically investigated using 
NRA measurements. Fig. 4.12 shows a plot of the intrsti ial N concentration as a 
function of the total N concentration for a variety of GaAsN films grown at 400 °C.  The 
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black squares are data from previous NRA measurements by M. Reason50, showing an 
increase in interstitial N concentration as a function of total N concentration. The blue 
and red star pairs connected with dash lines are the interstitial N concentrations for 
GaAsN films before and after RTA, measured by Dr. Wang and the author at the NRA 
facility at LANL (described in Section 2.7).  For as-grown GaAsN films, linear 
extrapolation of the data suggests ~20% of N incorporated interstitially, as labeled in Fig. 
4.12.    As shown in Fig. 4.12, following RTA, for GaAs1-xNx films with x = 0.01 to 
0.032, the interstitial N concentrations are reduce, while there is no significant change in 
the total N concentration. 
Room T Raman spectra for GaAs0.981N0.019:Si before and after annealing are 
shown in Fig. 4.13.  Both spectra reveal features arising from GaAs-like longitudinal-
optical (LO) and transverse-optical (TO) phonons from 500 to 580 cm-1, and GaN like 
LO phonons at 470 cm-1.  In addition, we observed Raman features at 410 and 420 cm-1, 
the intensities of which are significantly suppressed after RTA.  These features have been 
attributed to N interstitial dimers on Ga site (NN)Ga and As site (NN)As.
51  In Ref. 17, this 
assignment was based upon a similarity in the ratio of these frequencies to those of the 
local vibrational modes (LVMS) of SiGa and SiAs.
52  Since N2 molecules have the same 
atomic weight as 28Si, it was assumed that the N2 molecule would be vibrating as one unit 
with an increased force constant in comparison withthat of Si on Ga or As sites.  In this 
work, we provide the first direct evidence (via NRA) of the annealing-induced reduction 
in fint, thus proving that these Raman signatures are due to N interstitials. 
The annealing-induced increase in n and µ, the reduction in the concentration of 
electron trapping centers, and the suppression of the PPC effect are all accompanied by a 
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reduction in fint. Therefore, N interstitials are likely the intrinsic N-related point defect 
that leads to the “early” onset of MIT, the shrinkage in electron Bohr radius, as well as 
the free electron trapping and PPC effect in GaAsN alloys. 
 
4.6 Conclusions 
In this chapter, we discussed the influence of intrinsic N-related point defects on 
the electronic properties of GaAsN alloy films. For the as-grown GaAs1-xNx films, Hall 
and resistivity measurements reveal an onset of MIT at a much higher n than that in GaAs. 
The MIT in GaAs1-xNx is accompanied by a shrinkage of aB with increasing x, suggesting 
an x-dependent increase in me
*. In addition, T-dependence of n for T>150 K suggests the 
presence of a N-induced electron trapping level below the GaAsN CB edge. For T<160 K, 
a N-induced PPC effect is observed. Following RTA, significant increases in  and µ are 
observed, with a transition in the low T transport mechanism from hopping to extended 
band conduction. Furthermore, following RTA, the T dependence of n is suppressed and  
the PPC effect vanishes, suggesting a reduction in the concentration of the N-induced 
electron traps.  Correspondingly, NRA reveals an RTA-induced decrease in fint, and the 
corresponding signatures for the reduction in fint are also identified in Raman spectra. 
Thus, it is likely that the N interstitial defects are responsible for the MIT, the shrinkage 
in Bohr radius, the N-induced trapping level and the PPC effect discussed above. 




























Figure 4.1 Conductivity, σ, as a function of temperature T1/2 for GaAsN:Si and 
GaAsN:Te films, with n= 2x1017cm-3. The dashed lines are linear-least-
square fit of σ  measured below 15K according to 2/10 bT+=σσ , the y-
intercept with x=0 is 0σ . For GaAs0.987N0.013:Si, the extrapolation of σ to 
T=0 passes through origin, thus suggesting a metal-insu ator-transition at 
x=0.013.  
σ0 
























































Figure 4.2 Resistivity, ρ, as a function of temperature T-1/4 for GaAsN:Si films before 
and after RTA.  For the films with x > 0.013, ρ increases substantially with 
decreasing T, suggesting the onset of variable range hopping conduction. 
Following RTA, ρ for GaAsN films become T-independent, suggesting a 














































Figure 4.3 Schematic of the N point defect-induced potential fluctuations of the 
conduction band edge of GaAsN.  Carriers are confined i  the potential 
valley with average localization radius, i.e. electron Bohr radius, Ba , and 
depth, ┏E , labeled on the plot. Carrier conduction is realized by hopping 




























Figure 4.4 Free carrier concentration, n, as a function of inverse temperature for 
GaAs0.987N0.013:Te films annealed at various temperatures.  Two distinct T-
dependent regimes of [n] are apparent: T>150K, n increases exponentially 
with increasing T; T< 150K, n is independent of T. To use a 2-level system 
formalism to extract the activation energy of N-induced deep donor 
states, )( Snnn −  is also plotted in open circles for n>ns. Reprinted with 
permission from Y. Jin et al., Appl. Phys. Lett. 95, 062109 (2009). 















































































Figure 4.5  Schematic of Si/Te induced shallow donor level, Esd＄and N point defect-
induced deep donor level, EN, below the conduction band edge of GaAsN. 
The shallow donor level is activated at any temperature, while the deep 
donor level is only activated when T > 150 °C, leading to two temperature-








   






















Figure 4.6 An example of normalized conductivity, gn for a GaAsN film before, 
during and after illumination with a light-emitting diode (LED), measured 
at 40K.  The moment when the LED is turned on and off are labeled. After 
illumination is terminated, the decay in gn is less than 5% in 24 hrs, 
suggesting the existence of strong persistent photoconductivity. In this 






























































Figure 4.7 An example of persistent photoconductivity data and corresponding 
analysis for a GaAs0.987N0.013:Si film.  (a) The normalized 
conductivity, Ntg , as a function of time, was measured at various 




g Nt −= , where the x-intercept at y=0 is identified 
as the characteristic decay time, τ. 
(a) 
(b) 



















































































Figure 4.8 A typical example of a plot of characteristic decay time, τ, as a function of 
inverse measurement temperature.  Ln (τ) is linearly dependent on the 
inverse measurement temperature, suggesting the relaxation of the 
persistent photoconductivity (PPC) is thermally activated, and the PPC 























linear least square fit 































Figure 4.9 Configuration diagram of N interstitial-induced deep and shallow levels in 
GaAsN. The thermal energy barrier, Ea, was determined from the Hall and 
resistivity measurements discussed in Section 4.3. The capture barrier, Ec, 



























































Figure 4.10 Electron mobility, µ, measured as the free carrier concentration, n, is 
gradually increased by illumination. µ increases with n, suggesting the 
existence of N-induced tail of states (or “mobility edge”) near the GaAsN 
conduction band edge, as shown schematically in Fig. 4.11 
 


















































Figure 4.11 Schematic of the density of states (DOS) near the conduction band (CB) 
edge of GaAsN alloys. Due to the perturbation of the CB induced by the N-
induced localized states, the CB edge contains a tail of N-induced localized 
states, as shown by the shaded area. When the Fermi level is within the 
shaded area, carrier conduction occurs via variable range hopping. When the 






























Figure 4.12 Interstitial N concentrations vs. total N concentration for GaAs1-xNx films 
grown at 400 °C with varying x.  The concentration f interstitial N 
increases with total N concentration. Linear extrapol tion of the data before 
RTA suggests ~20% of N incorporated interstitially, as indicated in the plot.  
In addition, interstitial N concentration decreases after annealing, while the 
total N concentration remains constant. a See Ref.50 bSee Ref.11  cSee Ref.12. 
Solid -before RTA      
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Figure 4.13 Unpolarized Raman spectra of as-grown and annealed GaAs0.981N0.019:Si.  
Both spectra show features arising from second order GaAs-like longitudinal 
(LO1) and transverse (TO1) optical phonons from 500 to 580cm
-1, and first 
order GaN like (LO2) phonons at 470cm
-1. In addition, we observed Raman 
features (NN)Ga, and (NN)As at frequencies 410 and 420 cm
-1, respectively, 
the intensities of which are significantly suppressed after annealing.  The 
corresponding reduction in fint observed by NRA suggests these Raman 
signatures are related to N interstitials. Reprinted with permission from Y. 
Jin et al., Appl. Phys. Lett. 95, 062109 (2009). Copyright 2009, American 
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SUMMARY AND SUGGESTIONS FOR FUTURE WORK 
 
5.1 Overview 
In this dissertation work, we have studied the influence of N-induced point 
defects on the electronic and optical properties of InGaAsN alloys.  
The presence of extrinsic N-related point defect, namely Si-N complexes, is 
suggested by a decrease in carrier concentration, n, with increasing N-composition, x, 
observed in GaAsN:Si films but not in modulation-doped heterostructures.  In addition, 
for GaAsN:Te (GaAsN:Si), n increases substantially (minimally) with annealing-T, 
suggesting a competition between annealing-induced Si-N complex formation and a 
reduced concentration of N-related traps.  Since Si-N complex formation is enhanced for 
GaAsN:Si growth with the (2 x 4) reconstruction, which has limited group V sites for As-
N exchange, the (Si-N)As interstitial pair is identified as the dominant Si-N complex. 
Finally, modulation-doped GaAs(N)/AlGaAs heterostruc ures were utilized to study N-
related carrier scattering mechanisms without the influence of Si-N defect complexes, 
and the dominant source of carrier scattering was ident fied to be neutral scatters, such as 
N interstitial related point defects. 
For intrinsic N-related defects, we compared the electronic properties of GaAsN 
films before and after rapid thermal annealing (RTA). We observed four effects in as-
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grown GaAsN films that are either removed or reduce after RTA, likely due to the RTA-
induced reduction of the interstitial N fraction, fint. First, for as-grown GaAsN films, Hall 
and resistivity measurements reveal the onset of a metal-insulator transition (MIT), at a 
much higher n than that in GaAs. The MIT in GaAsN is accompanied by a shrinkage of 
the electron Bohr radius with increasing x, suggesting an increase in electron effective 
mass for GaAsN in comparison with that of GaAs. In addition, the temperature-
dependence of n for T>150K suggests the presence of a N-induced electron trapping level 
below the GaAsN CB edge, which is accompanied by a persistent photoconductivity 
(PPC) effect. After RTA, significant increases in n and µ are observed, and a transition 
occurs in the low T transport mechanism from hopping to extended band conduction. 
Furthermore, after RTA, the temperature-dependence of n is suppressed and the PPC 
effect vanishes, suggesting a reduction in the concentration of the N-induced electron 
traps.  Interestingly, NRA reveals an RTA-induced dcrease in fint, and the corresponding 
signatures for the reduction in fint are also identified in Raman spectra. Thus, it is likely 
that N interstitials are responsible for the MIT, the shrinkage in electron Bohr radius, the 
N-induced trapping level, and the PPC effect discused above. Indeed, N interstitial 
defects are likely the dominant form of intrinsic N defects in GaAsN alloys. 
Several suggestions are made for future work, as follows. 
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5.2 Atomic structure of Si-N defect complexes 
In chapter 3, by comparing the structure and properties of GaAsN films grown 
with different surface reconstructions, we indirectly identified interstitial (Si-N)As pairs as 
the more energy favorable Si-N defect complex.  To directly determine the atomic 
structure of Si-N defect complexes in bulk-like GaAsN, cross-section scanning tunneling 
microscopy (XSTM) investigations of GaAsN:Si and GaAs:Si bulk-like films with 
various Si doping concentrations and annealing conditi s are suggested.  In XSTM, a 
cross-section of an (001)-oriented layered structure is prepared by cleaving the structure 
in ultra-high vacuum (UHV), to expose an atomically flat 1 surface, and constant-current 
scanning tunneling microscopy (STM) is then performed on this cleaved surface. 
Information about the chemistry and electronic prope ties of the bulk-like layers can thus 
be obtained.2, 3 
The atomic structure of Si-related defects in GaAs ha been investigated using 
STM, XSTM, and scanning tunneling spectroscopy (STS).4-13  In addition, STM has also 
been used to identify N-related defects in GaAsN.3, 14-17  To help identify the features 
observed in XSTM and attribute them to particular atomic configurations, calculations of 
the electronic features of point defects, such as potential profiles and electronic density of 
states are needed.4, 18-21  To distinguish features associated with substitutional SiGa-NAs 
and interstitial (Si-N)As pairs, ab initio simulations should be performed in parallel with 
XSTM experiment.2 
 
5.3 Identification of N-induced defect states 
In chapter 3, the carrier scattering/trapping in GaAsN without the influence of Si-
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N defect complexes was investigated using modulation-d ped GaAs(N)/AlGaAs 2DEG 
heterostructures. From those measurements, N-induced neutral scattering was identified 
as the dominant source of scattering in GaAsN alloys. However, due to the built-in (or 
external) electric field in this heterostructure, there exists a potential gradient in the 
2DEG layer, and the Fermi energy is essentially interacting with a range of N-related 
energy levels. Thus, it is not possible to distingush the influences from individual N-
induced energy levels. 
Here, we propose a “narrow 2DEG” heterostructure, that can potentially be used 
to identify the location of individual N-induced defect level(s) near the GaAs CB edge. In 
this heterostructure, the dilute nitride layer would be thick enough that bulk properties 
would still apply, but thin enough that the N states are not affected by the potential 
gradient.  As shown in Fig. 5.1, the narrow-2DEG heterostructure is similar to the 
conventional AlGaAs/GaAs 2DEG heterostructure, with a very thin (~2 nm) δ-like 
GaAsN layer located near the 2DEG interface.  Fig. 5.2 shows the CB diagram for the 
narrow-2DEG modulation-doped heterostructure, simulated by 1D Poisson/Schrödinger 
simulation software.22, 23 In principle, it is possible to manipulate the Fermi level position 
relative to the CB edge of the GaAsN layer by applying a front gate voltage. Thus, as the 
Fermi level moves to coincide with the energies of the N-induced defect states, which 
presumably scatter free carriers, valleys in the conductivity are expected.24  For the 
structure shown in Fig. 5.1, the application of a front gate voltage from -80 to 400 mV is 
expected to lead to ± 3 meV variations the Fermi level relative to the GaAsN CB edge. 
 
5.4 Distinguishing (NN)As and (NAs)As split interstitials  
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In chapter 4, a combination of nuclear reaction analysis (NRA) and Rutherford 
backscattering spectrometry (RBS) in channeling andnon-channeling conditions was 
used to determine the total and interstitial N concentration in (In)GaAsN films.  
Significant composition-dependent fint were revealed, and RTA was found to 
substantially reduce fint. 
To distinguish between (NN)As and (NAs)As split interstitials, and determine the 
dominant defect for higher N compositions, NRA studies utilizing [111] channeling are 
suggested. As shown schematically in Fig. 5.3, for the (NN)As split interstitial complex,  
electronic structure calculations predict that the N atoms within the (NN)As complex 
reside in the [111] channel, with center of mass of the complex on the group V site. On 
the other hand, for the (NAs)As interstitial complex, calculations have predicted hat the N 
atoms within the (NAs)As complex do not reside in the [111] channel; instead, the As 
atom is located in the center of the group V site, with the N atom offset by 0.6 Å.25   
Therefore, [111] channeling would be useful for distinguishing these two types of N split 
interstitials.   
 
5.5 Dilute bismide GaAsNBi alloys 
As a follow up to these studies of dilute nitride alloys, several investigations in 
the dilute bismide GaAsNBi alloy system are suggested.26, 27  Specific suggestions 
include: (a) identification of the optimal GaAsNBi growth temperature window and V/III 
ratio, (b) mapping out the GaAs(N)Bi band gap as a function of quaternary composition, 
(c) characterization of hole transport properties in GaAsNBi, and (d) identification of Bi-
related defect states near the valence band (VB) edge.   
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As summarized in Table 1.1 in Chapter 1, N (Bi) atoms have smaller (larger) 
covalent radius and a larger (smaller) electronegativity han As atoms.  As a result, GaBi 
(GaN) has a larger (smaller) lattice parameter thanG As.  In addition, N and Bi affect the 
band structure of GaAs in opposite but analogous manners.  As discussed in Section 1.3, 
N incorporation reduces the band gap of GaAs by as much as 150 meV per 1% N, 
presumably due to the influence of N-induced localized states on the GaAs CB edge.  On 
the other hand, for GaAs:Bi, it has been proposed that Bi incorporation into GaAs also 
reduces the band gap by as much as 88 meV per 1% Bi,28, 29 presumably due to the Bi 
impurity-induced bound state near the VB of GaAs, as shown in Fig. 5.4.27, 29    
In addition to the Bi-induced band gap reduction, dilute bismide GaAsBi alloys 
have several additional useful properties. First, the reported temperature-insensitivity of 
the energy band gap and refractive index make GaAsBi alloys particularly attractive for 
improving the high-temperature performance of light-emitting device applications.30, 31 In   
addition, the Bi composition-dependent VB spin-orbit splitting is expected to enable the 
manipulation of spins.32 Furthermore, since the CBM of GaAsBi and the VBM of   
GaAsN are approximately aligned with those of GaAs, with corresponding significant 
VB and CB offsets, GaAsN/GaAsBi is expected to exhibit a Type II band-offset, as 
shown in Fig. 5.5. The resulting optical absorption at wavelengths smaller than the 
fundamental band gap and the spatial separation of charge are both promising for 
intermediate band solar cells.33, 34  Finally, Bi has the lowest toxicity among the 
neighboring elements, such as As, Sb, Hg, Th and Pb.29  
 The co-incorporation of N and Bi in GaAsNBi alloys offers several advantages. 
First, due to the large atomic radius of Bi, simultaneous incorporation of Bi and N can 
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eliminate the strain inherent to the dilute nitrides nearly lattice-matched to GaAs.35  In 
addition, calculations have suggested that Bi-N nearest neighbors would form a dipole, 
thereby reducing free electron and free hole scattering; to date, this has not been 
confirmed experimentally.35  In addition, there is some experimental evidence that the 
GaAs band gap reduction due to the combination of Bi and N is larger than the sum of the 
two independently, while it is the opposite for In a d N in GaAs.36  For example, as 
schematically shown in Fig. 1.1, to achieve alloys lattice matched to GaAs with Eg = 
0.93eV (which corresponds toλ =1.33 µm), the N and In/Bi compositions needed for 
InGaAsN and GaAsNBi are: 3.8% N, 10% In, and 1.5% N, 2.4% Bi, respectively.27, 29 
Thus, an equivalent band gap reduction can be achieved in GaAsNBi with significantly 
less N incorporation compared to that of InGaAsN. Thus, it should be possible to obtain 
GaAsNBi–based 1.0 eV bandgap material with much longer carrier diffusion lengths (as 

























Figure 5.1 Cross-section of a narrow-2DEG modulation-doped heterostructure 
consisting of a 50 nm thick GaAs channel layer, 20 nm undoped 
Al 0.3Ga0.7As, 60 nm Si-doped Al0.3Ga0.7As, and 10 nm GaAs grown by solid 
source molecular beam epitaxy. A 2 nm thick GaAsN layer is inserted in the 
GaAs channel layer ~10 nm away from the GaAs/AlGaAs interface. The 
whole structure is grown on top of 500 nm undoped GaAs buffer layer 






























Figure 5.2 CB diagram for the narrow-2DEG modulation doped heterostructures 
calculated with 1D Poisson/Schrödinger software. 22, 23, 38  As the front gate 
voltage is swept from -80 to 400 mV, the relative position of Fermi level to 
the GaAsN CB edge is varied by ± 3 meV 
Ef 







































Figure 5.3 Schematic ball-stick models of (NN)As and (NAs)As split interstitials in 
GaAs lattice for (a) (b) [001] channeling and (c) (d [111] channeling.  For 
[001] channeling, both interstitials will be detectd.  For [111] channeling 
only (NAs)As will be detected.  Thus, [111] channeling is expected to be 



















Figure 5.4 Schematic illustration of band structure of : (a) GaAsN and (b) GaAsBi, 
showing CB, heavy hole VB (HH), light hole VB (LH) and split-off band 
(SO).  N(Bi) incorporation primarily affects the conduction (valence) band 







































Figure 5.5  Schematic band alignment for a GaAs1-xNx/GaAs1-yBiy superlattice structure 
with x=y = 0.03.29  The modification of Bi (N) to the valence (conduction) 
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Growth and characterization of GaAs:Te  
 
 Since GaTe was introduced for the first time as an n-type doping source in our 
GenII MBE system, a series of calibration growths were performed. GaAs:Te films were 
grown with various growth temperatures, growth rates, and GaTe cell temperatures.  The 
well-calibrated Si-doped GaAs films were used as a reference to compare with the doping 
behavior of GaTe.  All films grown for GaTe source calibration purposes are summarized 
in Table A.3; select data is also plotted in Fig.A.3 
 First, the effect of Te surface segregation on the surface morphology of GaAs:Te 
films was examined.  During the growth of the GaAs buffer layer at 580 °C, a streaky 
(2x4) surface reconstruction was observed (Fig.A.1(a), (b)).  As soon as the GaTe shutter 
was opened, the RHEED intensity decreased, and the RHEED pattern became slightly 
spotty (Fig.A.1 (c), (d)). With increasing film thickness, the RHEED intensity decreased 
further, and the RHEED pattern became spotty, suggesting an increase in surface 
roughness.  After growth, AFM images were collected from the GaAs:Te surface, as 
shown in Fig.A.2. Mound-like features elongated in the [ 011 ] were observed, with 1.3 
nm rms surface roughness instead of the 0.3~0.4 nm rms roughness typically observed 
for GaAs(:Si) films grown with similar V/III ratios and substrate temperatures.   
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The effect of Te surface segregation on the electronic properties of GaAs:Te was 
then examined. In Fig. A.3, Log (n) of GaAs:Te films are plotted as a function of inverse 
GaTe cell temperature, with GaTe doping calibration values reported by Bennett e  al.1 
included as well. The dashed line is linear-least-square fit to the combination of Bennett’s 
data and our 2007 doping calibration data. Log(n) depends linearly on the inverse GaTe 
cell temperature, suggesting  is thermally activated, with an activation energy =1.82 eV, 
consistent with literature reports.1 For GaAs:Si films grown with the same Si effusion cell 
settings, similar n values are measured, independent of growth temperatur  (400 vs. 580 
°C).  However, for GaAs:Te, for the same effusion cell setting, films grown at 580 °C 
exhibited significantly lower n than those films grown at 400 °C (Fig.A.3), presumably 
due to Te surface segregation at the higher substrate temperature. Furthermore, for both 
GaAs:Si and GaAs:Te films grown at 400 °C, n increases with decreasing growth rates 
(Table.A.1), as predicted based upon beam flux ratio nalysis.2 On the other hand, for 
GaAs:Te films grown at 580 °C, n is higher for films grown at higher growth rates.   This 
is presumably because lower growth rates allow more tim  for Te surface segregation, 
thus further lowering the doping efficiency.1 However, GaAsN films are typically grown 
at 400 °C, where Te surface segregation is presumably negligible.1 Therefore, GaTe is 
suitable as an alternative n-type dopant for GaAs.  
Finally, two issues are important for the long-term use of GaTe as an alternative 
n-doping source in MBE growth, namely, the memory effect and the source stability. To 
test the GaTe memory effect, after a few growth runs with GaTe doping, we grew an 
unintentionally doped GaAs sample. Following growth, a background doping 
concentration less than 1x1014 cm-3 was observed, suggesting that GaTe does not induce a 
 143 
significant memory effect in our MBE chamber.  To test the long-term stability of the cell, 
Te doping calibration results in a span of two years were compared, as listed in Table A.1 
and plotted in Fig.A.3. Compared with the doping calibr tion performed in 2007, the 
doping calibration performed recently (2009) yields a much higher free carrier 
concentration (~5 x higher) for the same GaTe cell temperature. This might be due to the 
decompostion of GaTe, followed by preferential evapor tion of Ga. Therefore, the Te 
doping cell needs to be frequently calibrated to achieve consistent doping concentrations. 
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Table A.1:  Summary of GaAs:Te and GaAs:Si layers for calibrt on of the GaTe dopant 
cell.  The free carrier concentration resulting from GaTe doping of GaAs were 
investigated as a function of GaTe cell temperature, substrate temperature, Tsub, and 
growth rate, in comparison with that of Si doping of GaAs. 
 







579 0.51 400 Si-1265 1.3e18 2318 Influence of Tsub on 
GaAs:Si (Sep. 2007) 580 0.51 580 Si-1265 1.2e18 2271 
 
573 0.50 400 Te-500 2.3e18 1933 
574 0.50 520 Te-500 2.1e18 2193 
575 0.50 550 Te-500 2.0e18 1748 
Influence of Tsub on 
GaAs:Te  
(Aug.–Sep. 2007) 
558 0.52 580 Te-500 2.0e17 3286 
 
556 0.27 580 Te-480 6.1e16 3980 
555 0.49 580 Te-480 3.4e17 3319 
Influence of G.R. on 
GaAs:Te (Aug.2007) 




590 1.07 580 - - - 
 
577 0.51 400 Te-480 7.8e17 2158 
607 0.47 400 Te-490 1.5e18 1987 
Te Doping calibration 
(Sep.– Nov.2007) 
573 0.50 400 Te-500 2.3e18 1933 
725 1.0 400 Te-400 9.0e16 3090 
724 1.0 400 Te-420 2.0e17 2120 
726 1.0 400 Te-450 1.8e18 1780 
711 1.0 400 Te-480 7.0e18 1045 
715 1.0 400 Te-490 7.6e18 1466 
Te Doping calibration 
(Oct.– Nov. 2009) 
 
 





























Figure A.1 Reflection high-energy electron diffraction patterns collected along the 
[110] and [1 10] axes during the growth of (a), (b) GaAs buffer layer, and 
(c), (d) GaAs:Te layer at 580°C.  The streaky (2x4) patterns observed 
during GaAs buffer growth suggest a layer-by-layer growth mode. The 
spotty (2x4) patterns observed during GaAs:Te layer growth suggests a 













































Figure A.2 Representative atomic force microscopy images of GaAs bulk-like films 
grown at 580ºC (a) with and (b) without Te doping.  ┏Z=10nm in both 
images. For the Te-doped films in (a), “Mound-like” f atures elongated 
along the [ 011 ] direction are presumably due to the Te surface 




































Figure A.3:  Free electron concentration, for GaAs:Te grown at various substrate 
temperatures, as a function of the inverse GaTe cell temperature. Results 
from Bennett’s GaTe cell doping calibration in GaAs are also included.1 
Log n depends linearly on the inverse of the GaTe cell temperature, 
suggesting that n is thermally activated, with an activ tion energy of 1.82 
eV, similar to literature reports.1 In addition, significantly lower n is 
observed for films grown at 580°C than those grown at 400°C, presumably 
due to Te surface segregation. Using equivalent GaTe cell temperatures, 
the 2009 doping calibration yields substantially higher n than those of 2007, 
presumably due to the decompostion of GaTe, followed by preferential 
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 148 
1B. R. Bennett, R. Magno and N. Papanicolaou, J. Crys. Growth 251, 532 (2003). 












 This Appendix describes the ion beam analysis techniques and alignment 
procedures used for this dissertation work.  In B.2, three NRA measurement setups are 
described and compared. In B.3, the procedure for aligning the [001] channeling axis in 




B.2  Comparison of NRA setups at MIBL and LANL  
The ion beam analysis measurements were preformed by three people at two 
laboratories, Michigan ion beam laboratory (MIBL) and Los Alamos National Laboratory 
(LANL), with slight variations in experimental setups. Thus, it is necessary to compare 
the difference in the three setups and examine their influences on the ion beam analysis. 
The differences in the experimental setups are listd in Table B.1.  
Table B.1 Differences in configurations of the NRA setup at MIBL and LANL: 
  MIBL (original) MIBL (modified) LANL  
Slits one (2mm) 
one or two  
(2mm and 4mm) 
one slit (3mm x 3mm) 
Suppressor Yes (100V) no Yes (150V) 
Beam energy 1.4MeV 1.2MeV 1.2MeV 
Typical doses 1000 µC 200 µC 12 – 48 µC 
Detector small (5 msr) 
small: RBS (5 msr) 
large: NRA (50 msr) 
100msr  
(300mm2, 5.5cm) 
Detector angle 150 º 150 º 135-150 º 
Minimal χRBS 
obtained 
5.7 % (with He42 ) 
on GaAs 
~10 % (with H11 ) 
on GaAsN 
~4.8 % (with H11 ) 
on GaAsN 
 
Near the beginning of these dissertation studies, a number of changes were made 
to the MIBL NRA setup. To potentially minimize lattice damage, a larger detector was 
considered. In addition, in an attempt to improve beam collimation, the slit configuration 
was modified. Finally, we considered the influences of the incident ion beam energy and 
the standard sample for RBS measurements on the χRBS(GaAs) values. 
It was suggested that the longer ion beam exposure time needed when using a 
small detector may induce additional lattice defects and corresponding “extra” de-
channeling of the ion beam. Therefore, a large detector was added into the so-called 
“modified” MIBL setup, as shown in Table B.1.  We compared the influence of the 
detector size on χRBS. Indeed, lower χRBS yields were obtained with the larger detector, 
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especially for GaAs1-xNx films with low x (<0.005). Therefore, a large-area detector was 
used for the measurements in this dissertation work. 
To accommodate the large-are detector, additional modifications were required. 
The Faraday cup, which is used to force the sputtered lectrons back to the sample, 
thereby preventing them from being measured as incide t positive charge, could not 
accommodate the new large detector. Therefore, we inv stigated the necessity of using 
the Faraday cup. The apparent ion dose was increased by more than 30% when measured 
without the Faraday cup. Therefore, we installed a new Faraday cup, which could 
accommodate the large-area detector, and enabled us to accurately measure the incident 
ion dose.  
To potentially improve the ion beam collimation, the slit configuration was 
modified. Slit(s) are typically put in the beam line in front of the sample to narrow and 
collimate the ion beam. To examine the influence of slit width, we compared 2 mm and 4 
mm width slits and found negligible differences in χRBS. Then, we compared the use of 
one slit (4mm in width) vs. two slits (4mm and 2mm in width). We also found that the 
use of one or two slits lead to negligible differenc s in the measured χRBS. In addition, the 
use of two slits complicated the beam alignment, leading to minimal usable beam current, 
and a ~ 5-fold increase in the measurement time. Threfore, one slit is suggested for this 
type of measurement.  
Finally, we discuss two other aspects of the “modifie ” MIBL setup. First, we 
examined the influence of the incident ion beam energy (1.2MeV vs. 1.4MeV) on χRBS, 
and observed negligible difference in the measured χRBS value. Then, we compared the 
effect of using GaAs and GaAsN as the control RBS sample. We found that GaAsN films 
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yield higher χRBS than GaAs films, which is expected considering the de-channeling due 
to interstitial N incorporation.  Therefore, in this dissertation, GaAs films were used to 
determine χRBS(GaAs). 
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B.3  Aligning to [001] channeling direction  
To accurately determine the interstitial N fraction in GaAsN alloy films, it is 
critical to accurately align the ion beam to the film channeling direction.  The details of 
ion beam analysis experiments were discussed in Section 2.7 and in Section B.6 of 
M.Reason’s PhD thesis.1  Here we describe the procedure for aligning to the [001] 
channeling direction in the ion beam analysis setup a  LANL. 
 When energetic ions are incident on a crystal, if they are  at or near the direction 
of the close-packed planes of atoms, they are steered by a series of collisions so that they 
are “channeled” into the regions between these planes. In this case, the backscattering 
yield will be significantly lower than when the incdent ion beam is in a “random” 
direction. For example, for the diamond lattice, 4 major and 4 minor plane channeling 
directions are expected around the [001] direction, as shown in Fig. B.1.2 
Since our films were grown on [001] substrates, the incident ion beam was 
initially roughly aligned perpendicular to the sample surface.  First, a piece of glass 
mounted in the vicinity of the sample holder was used to locate the beam spot, a CCD 
camera was used to record this location, and the sample of interest was then moved to 
this location. A computer program was used to rotate he goniometer azimuthally about 
the x and y axes, xϕ  and yϕ , (as labeled in Fig. 2.5) in steps of 0.2°. At each 0.2° step, 
using an incident ion dose of ~0.1 µC, RBS spectra were collected from the top 20-30 
channels near the spectra surface edge (as explained in Section 2.7 of this thesis). χRBS 
was then calculated and plotted as a function of xϕ  and yϕ . As the incident ion beam is 
aligned to the 4 major and 4 minor plane channeling directions in Fig B.1, 4 “deep” and 4 
“shallow” minima in χRBS are expected. An example of χRBS vs. step number is shown in 
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Fig.B.1. A grid was then used to find the [001] channeling direction, as shown in Fig. B.3. 
The grid was labeled with both the step number and the correspondingxϕ  and yϕ rotation 
angles.  Each pair of minima was connected and ideally should intersect at one point, and 
the corresponding (x,y) coordinate was then identifi d as the [001] direction. The 
goniometer was then set to these coordinates and the channeling condition was 
considered to be established. 
 155 















Figure B.1 Low index planes around the <001> axes in a diamond lattice structure. 
For incident ion beams at or near these “channeling” directions, the 
backscattering yield exhibits local minima in comparison with the 
































Figure B.2 (a) Example of χRBS as a function of xϕ  and yϕ  rotation steps used in the 
channeling alignment process. (b) The corresponding grid, where pairs of 
minima in (a) are connected and the point of intersection is considered to 
be the [001] channeling direction. In both plots, the step numbers are 
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1M. Reason,Ph.D. thesis, University of Michigan, Ch.2. 
2J. R. Tesmer and M. A. Nastasi, Handbook of Modern Ion Beam Materials Analysis 









C.1  Overview 
 
 In this Appendix, data from various measurements of GaAs(N) are tabulated. In 
C.2, data from room T Hall and resistivity measurements for n-type GaAsN films are 
tabulated. In C.3, nuclear reaction analysis data are tabulated. 
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 C.2 Hall and resistivity data 
  
Table C.1:  Room T free carrier concentration, free carrier fraction, ff, (defined as the 
ratio of nGaAsN to nGaAs with the same target doping concentration) and electron mobility, 

















454 0.0002 5.4 1.01 1924 584 0.0075 4.8 0.45 182 
446 0.0013 6.5 0.69 595 583 0.010 4 0.38 173 
422 0.0025 5.5 0.64 376 578 0.012 2.4 0.31 193 
380 0.0035 9.8 0.76 322 596 0.013 5.1 0.36 183 
445 0.0048 4.8 0.51 309 559 0.015 7.6 0.34 132 
421 0.0068 4.0 0.46 280 576 0.016 1.31 0.17 153 
444 0.0082 3.1 0.33 202 598 0.020 2.38 0.17 154 
420 0.010 3.1 0.43 250      
427 0.011 7.5 0.58 184      
426 0.012 7.5 0.58 184      
419 0.013 3.4 0.24 209      
378 0.018 3.9 0.31 177      
581 0.019 2.53 0.11 176      
328 0.020 0.6 0.05 157      
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C.3 Nuclear reaction analysis data 
Table C.2:  Nuclear reaction analysis (NRA) data for various GaAs1-xNx films, including 
the total N composition determined using x-ray rocking curves and NRA, the ratio of 
aligned and unaligned yields, )(Nχ , and the interstitial N fraction, fint, determined using 
the expressions described in Section A.1 and A.3 of M. Reason’s PhD thesis.1 Most of 
the NRA data was obtained at LANL, a described in Section 2.7 and Appendix B.2. Data 
with * are from previous measurements by M. Reason performed with the “original” 








)(Nχ % fint % 
149 as-grown 0.005 0.005/0.007* 21/22* 16.8/28* 
 
400 
annealed NA 0.004 15.4 10.9 
158 as-grown 0.014 0.012/0.019* 19.3/23* 15.1/29* 
 
400 
annealed NA 0.013 14.7 10.2 
599 as-grown 0.019 0.014 13 8.4 
 
400 
annealed 0.019 0.014 12.5 7.9 
683 as-grown 0.021 0.020 20 15.8 
 
400 
annealed 0.021 0.022 10.6 5.9 
684 as-grown 0.006 0.009 17 12.6 
 
580 
annealed 0.006 0.009 13.1 8.5 
685 as-grown 0.018 0.018 8.8 4.0 
 
400 
annealed 0.017 0.017 8.1 3.3 
686 as-grown 0.010 0.010 31 28.5 
 
580 
annealed 0.009 0.010 16 17.1 
363 as-grown 0.012 0.013 13.3 8.7 
 
400 
annealed NA 0.011 7.2 2.3 
337 as-grown 0.023 0.024 9 4.2 
 
400 
annealed NA 0.024 7.6 2.7 
327 as-grown 0.018 0.020 10.6 5.9 
 
400 
annealed NA 0.022 11.3 6.6 
365 as-grown 0.031 0.030 12.2 7.6 
 
400 











Hall bar photolithography process 
 
This Appendix describes the photolithography processes utilized for fabrication of 
gated Hall bars, including mesa definition, contact definition, and gate definition. The 
tools used for the processes include the wet chemical bench, the GaAs bay spinner station, 
the MJB3 Mask aligner, the SJ20 Evaporator, the JetFirst-150 RTP, and Dektak 6M 
Surface Profilometer  
 
(a)  Mesa definition 
1. Clean samples with Acetone (Ace), Isopropanol (IPA), DI water; blow dry with 
N2 
2. Prebake for 10 min at 105 ºC  
3. Spin coat Hexamethyldisilazane (HMDS) for 30 s @, 4000 rpm 
4. Spin coat photoresist 1813 for 30 s @ 4000 rpm 
5. Prebake at 105 ºC for 1 min on hotplate 
6. Expose for 6 s in mask aligner 
7. Develop with MF351:DI water (1:5) for 1 min 
8. Rinse in DI water for 3 min 
9. Inspect using UV-filtered light 
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10. Descum for 1-2 min at 80 W, 250 mTorr, 17% O2 
11. Hard bake: 120ºC for 15 min 
12. Mesa etch for 2.5min (GaAs: 1600 Å/min) with H3PO4:H2O2:H2O (1:1:25) 
13. Strip resist: Ace/IPA/N2 Dry 
14. Measure mesa thickness profile with Dektak 
(b) Contact definition 
  Repeat (a) 1-3 
4. Spin coat photoresist 5218 for 30 s @ 4000 rpm 
5. Prebake on hotplate at 105 ºC for 1 min  
6. Expose for 6 s in mask aligner 
7. Bake on hotplate at 120 ºC for 2-4 min 
8. Flood expose for 1 min in mask aligner 
9. Develop in MIF319 for 1 min 
10. Rinse in DI water for 3 min 
11. Inspect using UV-filtered light 
12. Descum for 1-2 min at 80 W, 250 mTorr, 17% O2 
13. Remove oxide with Ammonium Hydroxide (NH4OH:H2O, 1:15) for 15 s 
14. N2 dry only (no DI rinse), place into evaporator immediately 
15. Evaporate contacts (Ni/Ge/Au/Ti/Au=200/325/650/20 /2000 Å) 
16. Liftoff with warm Ace/IPA for 1 min, DI rinse for 1 min 
17. Anneal contacts for 2 min at 410 ºC in atmosphere pressure N2 at Jet first-150 
RTP station. 
(c) Gate definition 
 164 
 Repeat (b)1-14 
15.  Evaporate gate (Ti/Au=500/1500 Å) 







InGaAsN photodetector Fabrication 
 
E. 1  Overview: 
Here, we describe the initial steps towards the fabric tion of (In)GaAsN/GaAs p-
i-n photodetectors operating in the 1.3 µm to 1.55 µm wavelength range. For this purpose, 
we developed and optimized a novel surface leakage suppression treatment based upon 
Zn diffusion via a Zn-containing spin-on-glass (SOG).1, 2 
In general, the sensitivity of solid-state photodetectors is often limited by reverse-
bias surface leakage current, apparently along the etched or cleaved sidewalls.3, 4 At the 
semiconductor cleaved or etched surfaces, dangling bonds may pin the Fermi level. 
Under reverse bias, carriers in the bulk are blocked by the p-n junction. However, on the 
cleaved or etched surfaces, since the Fermi level is pinned, the carriers are not blocked, 
and thus, there are often surface leakage currents along the sidewall, as labeled by the 
arrow in Fig.E.1 (a).5 
A common approach to reduce the surface leakage curr nt is sidewall passivation 
using coatings such as silicon oxide (SiO2) or silicon nitride (Si3N4).
6 7  However, after 
the sample has been fabricated and cleaved into individual devices, sidewall passivation 
is typically impractical.  An alternative would be to avoid putting the cleaved or etched 
surface under bias. For example, Lin et al. developed a structure with an additional gate 
 166 
electrode deposited on the sidewall along the junctio  perimeter, so that an external gate 
voltage could be applied to suppress the sidewall surface leakage current.5  In addition, a 
significant reduction in leakage current was recently reported using epitaxial growth and 
post-growth patterning of an n-i-n structure, followed by spatially selective surface 
dopant type conversion during metal-organic chemical vapor deposition (MOCVD) re-
growth using dimethylzinc and diethylzinc.3, 4, 8, 9  However, this strategy requires an 
MOCVD facility, which was not conveniently available to the author. 
 In this work, we explored a novel ex-situ Zn diffusion approach to surface dopant 
type conversion of n-i-n diodes, using a commercially- vailable Zn-containing SOG, 
Zincsilicafilm 306 solution. The photodetector structure consisted of 200nm n+GaAs 
grown on an n+GaAs substrate, followed by a 1.5µm unintentionally doped InGaAsN 
photo-absorption layer, and a 200nm n+GaAs capping layer.  The targeted doping 
concentration in the top and bottom n+GaAs was 5x1018cm-3. The targeted doping 
concentration and In and N compositions were determined using the procedures 
discussed in sections 2.5 and 2.7. The targeted energy bandgap of the InGaAsN layer was 
1.2eV.   
  To test the suitability of the surface leakage suppression treatment, comparison of 
the performance of a control device (i.e., without s rface leakage suppression treatment) 
and a treated sample (with surface leakage suppression treatment) is needed.  For the 
control sample, the n-type layer of the photoconductor was converted to p-type by Zn-
diffusion, without any surface photolithographic patterning. Thus, the control sample 
mimics the direct growth of a p-i-n structure, as shown in Fig. E.1 (a). For the treated 
sample, the sample surface will be patterned by photolithography, so that only the central 
 167 
area of the photodetector will be converted to p+ by Zn diffusion, while the periphery of 
the photodetector remains n-type, as shown in Fig. E.1 (b). Thus, when the sidewall of 
this structure is etched to form individual devices, the etched surface will not be under 
bias. 
 
E. 2 Zn Diffusion and active Zn profile characterization 
For the purpose of the photodetector fabrication, the top n-layer needs to be 
converted to p-type without penetration of the p-tye dopants into the i-layer. Thus, a 
high (>5x1018cm-3) and spatially localized free hole concentration profile is needed. 
Although the Zn diffusion profile in GaAs has been characterized in the literature,10 the 
active Zn profile, i.e. the free hole concentration profile, has not been reported. To 
identify the optimal annealing conditions for the desired free hole profile discussed above, 
the GaAs:Zn-SOG samples were annealed at 850ºC for various durations: 15, 20, 23, 30, 
and 40 minutes (Note that the manufacturer recommended a minimum annealing 
temperature of 850ºC for activation of the Zn in the Zn-SOG11). Each ~1 x 1cm2 
GaAs:Zn-SOG sample was cleaved into fourths, and one c rner of each piece was then 
coated with photoresist as an etch stop. Following baking for 10 minutes at 130ºC, wet 
etching in H3PO4:H2O2:H2O (1:1:25) was carried out for 0, 38, 75, 113 s, reulting in 
depths of 0, 135 ± 1, 182 ±14, 325 ± 18 nm, as determined by Dektak profilometry. The 
etched pieces were then cut into ~ 4 x 4 mm2 pieces, and Hall and resistivity 
measurements were carried out at room temperature.  
To quantify the free hole concentration profile, weassumed a so-called “finite 









pxp −=             (E.1) 
 where x  is the depth from the unetched surface, which is defined as 0=x , 0p  is the 
free carrier concentration at unetched surface, )(xp  is the free carrier concentration at 
depth x , and σ  is the characteristic diffusion length.  Since them asured free carrier 
concentration is the remaining sheet carrier density in he film following each etching, the 
experimentally obtained data cannot be directly fit to Eq.E.1. Therefore, Eq.E.1 was 

























            (C.2) 
where ex  is the depth etched and )( es xp is total residual carrier density following etching 
to the depth of ex .    
For each annealing time, 0p  and σ  were obtained by fitting the measured data to 
the integrated Gaussian expression (Eq. E.2), as summarized in Table E.1. As shown in 
Table. E.1, annealing at 850ºC for 15 min yields free a hole concentration at 200 nm of ~ 
9x1019 cm-3, which is much higher than the n-type dopant concentration in the top of the 
GaAs photodetector structure (5x1018 cm-3), and is therefore sufficient to convert the top 
layer to p+. Figure E.3 shows a plot of Gaussian fits to the fre  hole density vs depth for 
various annealing times. The Gaussian fits reveal that as the annealing time is increased, 
σ  increases and 0p  decreases. As discussed earlier, for the purpose of ph todetector 
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fabrication via surface dopant type conversion of n-i-n diodes, a high, spatially localized 
free hole concentration profile is needed. Thus, 850ºC for 15 min is identified as the 
optimal annealing condition. 
Table:E.1 Surface carrier concentration, 0p , and characteristic diffusion depth, σ , 
for various annealing conditions determined from fits of the measured sheet carrier 
density to Eq. C.2. 
Diffusion Time (min) 
0p  (10
20cm-3) Diffusion length σ  (nm) 
15 1.3 250 
20 1.2 290 
23 1.17 320 
30 1.09 370 
40 1 450 
 
For completeness, we compared our data with the GaAs:Zn diffusivity reported in 
the literature. Although there have been a wide range of values reported in the 
literature,12-16 a similar trend was reported by Enquist et al.10 Enquist measured the 
GaAs:Zn diffusivity at 850 ºC as D=1.5x10-13cm2/s, leading to a 15 min- 40 min diffusion 
length ranging from 120-200nm, similar to our values shown in Table E.1.  
 
E. 3 Photodetector fabrication 
 The fabrication of both the control and modified photodetectors involves two 
major steps: annealing with Zn-containing SOG to convert the top layer to p-type, and 
photolithography to define mesa and contacts. In the following paragraph, we first 
describe the annealing process for the type conversion. We then describe the complete 
fabrication steps for both the control p-i-n and modified n-i-n photodetector structures.   
The conversion of the top n-type layer from n- to p-ty e was realized by Zn 
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diffusion using Zn-containing Zincsilicafilm 306 solution. The GaAs wafer surface was 
first conditioned by heating at 350ºC to 400ºC for 5 minutes in air. Zincsilicafilm 306 
was then coated on the wafer surface by spin coating at 3000 rpm for 1 minute. After 
spinning, the wafer was cured by heating in air for 10-15 minutes at 100°C to 120ºC.11 
Annealing was then carried out in a quartz furnace with N2 overflow, with a GaAs 
proximity cap to prevent As out-diffusion. Following annealing, the Zincsilicafilm was 
removed by etching in 10% HF, and the surface was ex mined in an optical microscope.  
For the control sample, the following fabrication steps including dopant type 
conversion, top p-type contact definition, mesa definition, and bottom n-type contact 
definition were utilized: 
1.  Dopant Type Conversion: Unmasked annealing @ 850°C for 15 min in N2 ambient 
2. Top p-type Contact Definition: Deposition of Pd/Zn/Pd/Au=100/200/200/2000 Å using 
SJ20 e-beam evaporator 
3. Contact Annealing: RTA @ 410 °C for 2 min using JetFirst-150 RTP 
4. Mesa Definition: H3PO4:H2O2:H2O (1:1:2) wet etching for 13 min 
5. Bottom n-type Contact Definition: (Ni/Ge/Au/Ti/Au=325/250/600/200/2000Å) using 
SJ20 e-beam evaporator 
6.  Contact Annealing: RTA @ 410 °C for 2 min using JetFirst-150 RTP 
For the modified n-i-n photodetector sample, steps 1 (a) - 1(c) replace step 1  
1 (a).  SiO2 Diffusion Mask Definition: deposit 1µm SiO2 in GSI PECVD at 400 °C 
 (b).  Selected Area Zn Diffusion: annealing @ 850°C for 15 min in N2 ambient  
















Figure E.1 Schematic of (a) control p-i-n photodetector and (b) modified n-
i-n photodetector with central area converted to p-type by 








Figure E.2 Schematic of selective Zn diffusion process proposed for the 
modified n-i-n photodetector structure.  A nitride mask is 
defined so that only the central area of the mesa is converted to 



















Figure E.3 Free hole concentration, vs. depth, x, for various annealing 
times, assuming a “finite source” Gaussian active Zn (free hole) 
concentration profile. As the annealing time is increased, the 
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